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ABSTRACT

The motion of a satellite with respect to a fixed system
of coordinates in space has been determined. Formulas are derived
which determine the aspect of the satellite axis, and the aspect
of a vector perpendicular to the satellite axis. The telemetered
data consisted of solar angle measurements in terms of voltage
from six sun sensors along the pitch, yaw, and roll axis, and
maghetic field measurements from three mutually perpendicular
magnetometers. )

The 7094 computer programs to determine the aspects alony
with the resulting plots of the desired angles as a function of
flight time for different revolutions are exhibited. These plots
showed that the satellite was not stable as expected, but a
stabilizing trend was noticeable as flight time increased.
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NOMENCLATURE

L4
system of orthonormal base vectors on OV1-5 with ¢
along the nosec axis, e _in the direction of sun
sensor E, and e¢= er gr .

the angles determined by output voltage #1 and
output voltage #2Z respectively for sun sensor A

the angles determined by output voltage #1 and
output voltage #2 respectively for sun sensor B

the angles determined by output voltage #1 and |
output voltage #2 respectively for sun sensor C .

the angles determined by outﬁut voltage #1 and
output voltage #2 respectively for sun sensor D

the angles determined by output voltage #1 and
output voltage #2 respectively for sun sensor E

the angles determined by output voltage #1 and
output voltage #2 respectively for sun sensor F

system of orthonormal base vectors in a right
handed fixed system with i and j in the equatorial
plane and i parallel to the vernal equinox

a unit vector parallel to the sun's rays to the
satellite, but in opposite sense

a unit vector parallel to the earth's magnetic
field

declination of the sun
apparent right ascension of the sun

angle between the equatorial plane and the magnetic
field '

azimuth of the magnetic field in the fixed system
iy Jy k
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angle between the nose axis of the satellite and
the equatorial plane

azimuth of the nose axis with respect to the
vernal equinox

latitude and longitude of the satcllite from the
ephemeris . R

the angular velocity of rotation of the carth on
its axis with respect to the vernal equinox

*
orthogonal unit vectors defining a plane where

()o rotates

the angle between N1 and e,

the angle between fhe magnetic tield vector and
the equatorial plane of the earth

the azimuth of the magnetic field vector with
respect to the Greenwich Meridian Plane

geocentric system of base unit vectors :
total magnetic field

vector from the earth's center to the satellite
in the rotating system

angle between the axis of the satellite and the
sun vector . '

angle between the axis of the satellite and the
magnetic field vector

unit vector from the center of the earth to the
satellite

angle between ¢, and the sun vector
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INTRODUCTION

To properly analyze the data of certain sate.lite detectors one must
know the angle between the axis of thy detector and a specified vector in
space. The goal in this report is to determine the angle between a detector
perpendicular to the satellite axis and a vector from this detector to the
earth's center. This was done by considering the angle between a vector
from the center of the earth (which we will call ﬁ") to the satellite and
a vector (which we will call eQ) perpendicular to the axis of the satellite
and in the opposite direction from the detector.

In order to obtain this angle it is necessary to first determine the
motion of the satcllite about the pitch, yaw, and roll axes. In the early
portions of the fliﬁht of OV1-5, motion about each of these axes was active
indicating that the satellite was quite unstable. However at revolution
957 the motion becamc approximately 1.5 turns on the pitch axis and roll
axis with rotation of approximately 45 degrees on the yaw axis. At revo-
lution 1360, complete turns ceased on each of the axes and the satellite
seemed to be qQuite stable., It should be noted that a stabilizing trend
was apparent after revolution 957 but the degree of stabilization could




viii

only be determined by analysis of the particular revolution.
The aspect of the axis of the satellitc was also necessary as input
data for the analysis of the aspect of the vector perpendicular to the

axis, that is the angle between e, and U" as a function of flight time.
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CHAPTER I
DESCRIPTION OF OV1-5 ASPECT SYSTEM

The responsibility for designing a suitable spacccraft aspect detection
system was given to American Science and Engineering, Inc. This system
consisted of six solar aspect sensors and three magnctometers. For the .
sun sensors, calibration consists of determining the two output voltages
for each sensor which result from the light source of the sun. The ‘
requirement for the sun sensors are a clear 45° conical field of view with
axis alignment consistent with the magretometers. Only one sun sensor is
recording at a given time and that sensor is determined by the appropriate
recorded signature voltage.

A. Position of Sun Sensors and Magnetometers

The OV1-5 aspect system sensor locations and orientation along wité
the calibration information is shown in the folluwing pages.* The pitch
magnetometer X determines the component of the magnetic field sensed along
the pitch axis; the yaw magnetometer Z dgtermines the component of the
magnetic field sensed along the yaw axis and the roll magnetometer Y
determines the component of the magnetic_field sensed along the roll axis.
Solar aspect output #1 is used to determine the angle between the sun and
the satellite in the plane of the reference arrow marked on the appropriate
sun sensor. Solar aspect output #2 is used to determine the angle between
the sun and the satellite in the plane perpendicular to the arrow marked
on the appropriate sun sensor.

“This information was provided by American Science and Engineering, Inc.,
Cambridge, Massachusetts,
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SENSOR A
4. 069

ASPECT OUTP UT
#1 #2
4.27 4, 23
3.96 3.90
3.33 3.30
2.92 2.87
2.57 2.52
2.26 2.21
1.95 1. 89
1.61 1. 54 .
1.21 1. 11
0.63 0. 48
0.29 0.23

SOLAR ASPICT SYSTE!

SENSOR B
3.90

ASPECT OUTPUT
#1 $2
4.24 4,24
3.86 3.37
3.24 3.31
2.82 2.87
2.47 ° 2.50
2.16 2.18
1.83 1. 86
1.48 1.51
1.04 1.09
0.35 0.50
0.26 0. 24
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SL

ASPT
#) ¢

0.206




SOLAR ASPICT SYSTEMN CALICRATION

A SENSOR B SENSOR C SENSOR D SENS
3.90 3.19 2. 42 s.
UTP UT ASPLCT OUTPUT ASPECT OUTPUT , ASPECT OUTPUT. ASPEC
#2 i1 #2 #1 2 #1 ¥2 $#1
5
4.23 4,24 4. 24 4. 24 4,28 4.25 4.23 4.35
3. 90 3.86 3. 97 3. 87 4.04 3.93 3. 87 4,26
3.30 3.24 3.31 3.28 2, 35 3.28 3.27 © 3.5l
2. 87 2,82 2.87 ' 2. 86 2. 88 2. 8¢ 2. 86 2.99
2.52 2.47 2. 50 ' 2.52 2.51 2.51 2.51 2.57
2. 21 2.16 2.18 2. 21 2. 19 2.20 2.19 2.19
1. 89 1.23 1. 86 1.90 1. 87 1.89 1. 85 1.81
1. 54 1.4% 1.51 1. 56 1. .)4 1.56 1. 51 1.42
1. 11 1.04 1. 09 1. 14 1. 16 1.15 1.07 0.97
0.48 0.35 0. 50 0.52  0.65 .  0.54 0. 45 0.42

0.23 0.26 0. 24 0.26 0.30 0.2% 0. 24 0.19
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4 CALIBRATION
NSOR C
3. 19

.CT OUTPUT

#2

4. 04

1. 87
1.54
1. 16
0.65

0.30

ASPECT OUTPUT
#1

()

SENSOR D

.25

.93

.28

.8C

.20

.89

.56

.15

.54

#2

4, 23
3. 37
3.27
2. 86
2.51
2.19
1. 85
1.51
1. 07
0. 45

0. 24

SENSOR F

#1

4,35
4.26
3.51
2.99
2.57
2.19
1.81
1.42
0.97
0.42

0.19

ASPECT OUTPUT

#2

0.24
0. 49
1. 07
1.52

1.88

2.97°
3,43

4.C5

4.30

SENSOR F
1.57
ASPECT OUTPUT
#1 #2
4.27 4,26
3.94 3.98
3.21 3.33
2. 89 2.88
2.54. 2,52
2.21 2.20
1. 90 1,87
1. 54 .53
1. 10 1.12
0. 45 0.51
0. 28 0.23
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MAGNLETOMLTER CALIBRATION INI'ORMATION

Field in
Aiilligauss X Y 2

(on 4.81 4. 80 4.81
550 4.63 4.¢2 4.£5
500 ' 4.45 4.43 4.47
150 4.25 4.23 ' ‘4 g
100 4.04 4.01 4.05
250 3,33 5.79 Ll
300 3.¢1 .67 > 57
250 3.39 2.35 2.24
200 3.18 3. 14 2.13
150 2.98 2.94 2,93
100 2.78 2.7¢ 2.§4
50 2.59 2.58 2.57

9 2.41 2.41 2.4
-50 2.22 2.24 2,27
-100 2.03 2.06 2.95
-150 1.84 1. 37 1. 3¢
-200 1.63 1.68 1.67
-250 1. 42 1. 47 1. 43
-300 1.21 1. 26 1.22
-350 99 1.03 .98
-400 .78 .82 .75
-450 < .58 .61 .53
-500 .38 . 40 .22
=550 .19 .21 +. 14

-€00 +.02 +.02 -. U3
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B. Determination of Sun Angles from Calibration Curves

Using the calibration information provided, a least squarescubic

fit was made to each of the two output voltages for all six sun sensors.

The method was as follows:

0=A+BV+CVe o+ DV

where V equals the output voltage, 0 equals the sun-sateliite angle,

"and A, B, C, D are the constants to be determined. . !

Let
2 + DV 3. 0 2

+ CVk K k]

n
= ) [A+BV

k=1 k

In

_oln _ 3In _ 3In _ 3In
T3A T B 3C T D

=0

=>An + BJV, + c[yk2 + nzvk3 =30,
Alv, + BV, 2 « v ® + pJv. = Iv0
v e BV« vt + vt = Jv. e
Al s BIv v cgv.® + oy, % = v %o,

Using Cramer's rule we can now find the desired constants.

n vy kaz ivk
a= v, v v
Mmoo

AR A1)

—— o
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o, Iy Iv' Iy}
Mo v S
As | vl v oS
Ml ' I Iy
A
n Io, - Iv?  Iv? T
v, Ivoe ka3 ka4

B o= | v v Iv' Iv®
AN
) A
n v o IvG
Mo M Mo Iy
¢c = | Iv? Iv' vl kas
IDARN D
A
n v, Iv2 Io
Mo MM e
g = Zsz zvksj ka4 ZV;ZGK
| AR
A

The plots of the different curves for each sensor and output voltage can
be found in the appendix.
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C. Determination of the Magnetic Field from the Calibration Curves

A straight line fit was made for each magnetometer using the appropriate
calibration information. The points and equations used are shown in the
appendix along with the linear fits to the calibration curves. It should be
noted that the X magnetometer has its direction coincident with the positive
e, axis in the previous discussion. The Y magnetometer is coincident with®

-e¢,,and the Z magnetometer is coincident with -eq 5

——— -
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CHAPTER 11

DETERMINATION OF THE ANGLES BLTWEEN THE SUN VECTOR AND THE AXES OF TUE SATELLITE

A. Theoretical Description

For sensor A with signature voltage 4.69V, we have the following

set-up: Ay
: i e ¢ . , ®
y 2 2
l‘t/J& ¢ 2
e, '\}'\:’:.’...;':-;‘;xfu
Z < e . . .

X . |

Figure 2 l
oy is the angle dctermined by output voltage #1 and a, is the angle deteinined
by output voltage #2. The sun vector is determined by the intersection of the
cores produced by ay and ay; and we will now determine this sun vector. However,
it should be noted that although the cones may intersect in two places, the
ambisuity is resolved since we know which sensor is reading and therefore on
which side the sun lies. .

N
>
~
*
-
~

cot32.

L ]

’ )
£> x2 + 22 = Yz cotzal

X + Y2 e 22 cotzc,

Subtracting, we get
2 2 2 4
=Y =Y cot“a, - 2" cot"a
1 2
&

R
cseTu, = y© esca,

(5]
<

=ty SID"AZ

sinul

(1)

(2)




From (1)
¢ 2 I _2 2
x2 - Y2 cos”a, 1 sin a, 1 Y2,c:o: e - sin a,
_siniul sinio1 sin a

f—

2 2
=>X =t Y v/ COS 9; - sin"a,

sincl

7 aty sinaz

sinal
Therefore any vector R from the satellite to the given light source can

be expressed as: ,

1
. / cos a - sin u sina . sitml
. sinu sina oY sinal

Normalizing this vector and expressing it in terms of the sun vector S
we get:

Ss= *e J’cos a - sin °2 te singz sinal

)

1. if a1>0’ cz>0

—

£ 2
S=e, / cos a; - sin‘a, - e, sinfa,| ¢ e, sim,

S is in the octant e
L4

r %o %

21, if °l>°» a2<0

S = . ' coszc1 - sin‘za2 - ¢, sing, ¢ e, sing,

S is in the octant e €

-

feel e e e -



3.

if a) <0, a, >0

ir e <0 a2<0

)

10

—

2 =
=e / cos a, - sin‘a, - e, sinluzl -e

(7,8}

v sinlull

wH

is T.he octant e.r “Cor €y

2 2 2 . .
S=e / cos a, - sine, - e, sina, - e, sxnlal}
S -€ o

is the octant e €y €, .

For sun sensor B with signature voltage 3.90Y and output voltages

and 82 corresponding to @ and a,, we find

if 81>0, -82>0

if 81>0, 82<0

if 81<0182>0

if al<0‘ 82<0

———

a / 2 2 .
-er V' cos B1 - sin Bz + ee sinBz + LA smBl

wn>

wo

is in the ottant “€.s €gs 4

2 ‘ 2
--er /cos ls1 - sin ez + e9 sinB2 + eq’ sinBl

0N >

is in the octant -er, -, €

e’ "¢

2 2 .
=-er v/cos B1 - sin 82 + L sinB2 + ¢>°sin81

wr >

is in the octant -e, €., -€,

2 2 2 .
S =-c_ / cos B, - sin‘B, + e, sing, + e, sing,

S is in the octant. €., €gs "€,
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Continuing with this same approach, we will now find S for sensors C
and D, For sensor C with signature voltage 3.19Y we have the following

figure:

Figure 3 .
It should be noted that while sensor A faces along positive e., sensor
C faces along positive ey N and Y, ere the angles produced by the output
voltages where Y corresponds to output voltuge #1,

2 2

ﬁ
2,v .2 cot”y,

X

2

iy
22 + Y2 s x2 cot®y,

Subtracting and solving for X we find

Substituting (6) into (4) we find

2 2

o .

Y2 & z2 cos™y, i sin Yy
T

siniy2 sin”y,

|

4)

)

(6)

B
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- 2 . 2
=>Y = sinyz /cos Yy - siny,
siny2 '
Z= B =
siny,
: : . 2 S
w S = ter siny, + e, siny, t e, Jéos Y, = sin"y,

>

: 2 A
F = *er siny1 + e0 siny, t eo /éos Y, - sin'y,

1. if'yl>0, 72>0 P

w>
n

e. siny1 + ee-sinyz te, Jéosiyl - siniy2

(7. %

is in the octant €. € €,

2/ if Yl>°' yz<0

. 2 B’
= e siny, + ey siny2 +e, /éos Y, -~ sin’y,

wn>

wn>

is in the octant e o €

3. if y,<0, y,>0
? ? = ¢_ siny, + ¢, 5iny, ¢+ ¢ /éoéz - sinz-
r 21V T € SV T Gy " 12

wn>

w»

is in the octant -er; Ty €
4, if yl<0, yl<0

3 [3 2 (] 2
S= e. siny; + eo siny, * e° /éos Y, - sin’y,

w

e

is in the octant € “€os €,

For sensor D with output signature voltage 2.42Y and output angles
and 62 respectively, the sun vector can now be expressed as

~

S 2

2 .
: er siné1 -eo sims2 - eo /@os 61 - sm.é2

This follows from the analysis for sensor C except that e, is replaccd

0
by -ey and e by 2y
The reader can determine which quadrants the sun vector lies for (8)

depending upon the conditions placed on 51 and 8y

(7)

(8)
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Now, wc will find S for sensors E and F. For sensor E with signature

voltage .86v, we have the following figure:

Y
l\e
¢
These cones actually intersect
%7;:j:::::, as can be seen from the figure
\52‘ // for sensor C if we let ¢, =-e_,
74 .= e, & umen. Hhe Bio
; eq- -meuleh o €y = €4 €, = € Wnere the bars
307 represent the unit vectdrs for
/ . sensor E (and then remove the
3 bars). .
JQZ + 22 [/
e
x T
Figure 4

Sensor [ faces positive e and 51 and £s are the angles corresponding to
the respective output voltages.

2 2 2

Y + 2°=X cot2 £ 9

X2 + z2 = Yz cot2 52
Subtracting and solving for Y we get

sin£2

sin&1

Y =t X

Substituting (10) into (9) , we find

2 . 2
2 - x2 (cos El -~ sin Ez)

z
si&zél '
P A
_ X v/coszz - sinzs
2 & mm— 1 2
sing
1
X=X sins1
sin£1

-——



SRR il —

14

The normalized sun vector can now be written as

T s o 2, _ .2, , .
S-er.smglico /cos El sin 521% sms2

Due to output voltage #2 of sensor E as can be seen by the
calibration of output voltage #2,

& . Sl rade. .
S = er sms1 + ee cos 51 - sin 52 + e<p s1n&;2

Once again the reader can determine which quadrants the sun vector lies °
in for (11) depending upon the conditions placed on £ and £ae
For sensor F with output signature voltage 1.57V and output voltages

fl and f2 respectively.

=2 . P
0 /cos f1 - sin f2 °

This follows from the analysis for sensor E except that

~

S = er s:.nf1 - e + e smf2

€ is replaced by -€q and €y is not changed due to the remark
preceding (11) . '
In summary, for each of the sun sensors, the unit vector S can be

expressed as follows:

& 2 ) : :
Sensor A S = er /cos @ - sin“a, - e(_) sina, + €, smm1
Sensor B S =-¢ /cosze - sin’8, + e_ sinB, + e, sins
> T 1 2 0 2 ¢ 1
Sensor C é = e siny, + e, siny, + e v/coszy - sinzy
3 1 ] 2 ¢ 1 - '2
2 . . 2 T2
Sensor D S = e, s1n£51 - e, sm&2 - e'<p v/cos 61 - sin 62
Sensor E é = e sing. + e /cosza' - sin2£ + e, sing
o4 1 ] 1 2 $ 2
Sensor F § = e' sinf, - e /coszf - sinzf + e, sinf
T 1 0 1 2 ¢ 2

(11)

(12)

— v mm o
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To determine the anglce between the sun vector and the axes of the
satellite, we need only consider the respective dot products. That is:

S.er = cos(3S, er) cosine of the angle between

é and e_.
r
S.eo = cos(3S, eo) = cosine of the angle between *
S and e , B
§.e¢ = cos(3S, eo) = cosine of the angle between
S and o
Using this approack, we find the following angles:
Sensor A ' Sensor B Sensor C
(3S, e ) arcos /coszu - sinza arcos (- /cosza - sinza ) 90-y
T 1 2 1 2 1 !
(3s, eo) 90 + ay 90-32 90-72
(3S, eq,) 90 - a; 90-81 arcos /c:oszyl - si.nzy2
Sensor D Sensor E Sensor F
2 2
(3s, e)) 90-6, 90+6, arcos(- / cos §, - sin 62)
Tﬁ—
(3S, ep) 90-¢, arcos / cos g, - sin’g, 90-¢,
W
(s, e@) 90-f1 arcos (- v/cos £ - sin £, ) 90-f,

In each case output voltage #1 corresponds to the angle subscripted with

a"l" and similarly for output voltage #2,

4
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B. Results and Plots for Different Revolutions (Full Orbits and Real Time)

As can be seen by the following plots, the satellite is not well-behaved.
buring the later orbits, the motion of the satellite seems to becoming more

—

—

stable than that of Rev. 480, however, at no time can a definite precession
angle be found. The X axis of each of the plots represents seconds Greenwich

Meridian time. and the Y axis represents the angle in degrees.

The program to determine the angles betwcen the sun and the axes of thp
satellite is incorporated into the major program that will be discussed in
Chapter V. The angles that are found range from 0° to 180°, so to predict
a complete turn on either the pitch, roll, or yaw axis one would have to
cxamine the appropriate plot. An example of this appears in the plot of
(3S, eo) for revolution 480. The sharp descent at approximately 53.4k seconds
indicates a complete turn of the roll axis, i.e. (3S, eo) is going from
positive 0° - 180° to negative 180° -+ 0°, .

Since the signature voltages for the sun sensors were not extremely
accurate, limits vere sct on each signature voltage to determine the appropri-
ate sun sensor reading. These limits and the action taken can be found in
the program referenced above. e
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CHAPTER III
DESCRIPTION OF THE FIXED REFERENCE SYSTEM

A. Fixed Reference System with Respect to the Vernal Equinox

Since we are considering the motion of a satellite, the contribution
of the earth's rotation about its axis and its rotation about the sun must
be taken into account when trying to determine the aspect of the satellite
with respect to a fixed system of coordinates. To express the aspect in
term§ of a geocentric system of coordinates would not have much meaning‘
due to the above angular contributions. The fixed system used is with
respect to the vernal equinox* (March 21),

Let i be 2 unit vector parallel to the line from the observer to the
point on the celestial sphere where the sun appears at the time of the
vernal equinox and directed toward the sun. Let k be a unit vector parallel
to the polar axis of the earth and j = kxi

Vernal Equinox
Figure 17

The unit vector j lies in the equatorizl lane of the earth,
Every vector in this fixed system can be expressed in the form

V oaei c0s0,, cos¢, + j cosQ, sing, + k sino,,
V is an arbitrary unit vector in this fixed system, By is the angle between the
equatorial plane and the vector V o, is the azimuth of V with respect to the
vernal equinox.

*The vernal equinox is defined as the intersection of thc equatorial plane of

the earth and orbital plane of the earth,

»

2o

e e
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B. Expression of Required Vectors in this Fixed System of Coordinates
i

a

In this section we will dgscfibe the unit vectors S, M, er, u", and e, in

the fixed system of base vectors j, j, k that will be used in the next thre@ chapters.

1. The sun vector ’

The unit sun vector S from the earth to the sun can be éxprefsed

as
S= 1 cosO, cosé, + j cosO 'siné, + k sin@s i
where 0g is the apparent declination of the sun and os is the apparemt .
, :
right ascension with respect to the vernal equinox at March 21. These

angles were found in The American Ephemeris and Nautical Almanac - 1966.

2. The magnetic field vector |

it
The unit vector M represeating the magnetic field will be expressed

s ' < i
M=i cos@H cos¢H + 3 coseH smfbH +% sinOH | .I .'
The determination of these angles eH and °H for the fixed system of l

coordinates i, j, k will be discussed in chapter IV.

!

3. The axis of the satellite, e, g

'
i

§ . !
The axis of the satellite can be expressed as the unit vector
i |

]
gL = i cos9 cos¢® + j cosO 'sin¢d + k sin®

!
In Chapter V, we will go into & detailed description explaining,
how to obtain the ungles 0 and ¢. : C

4. The vector U" from the center of the earth to the satellite
! )

Given the following information:

tm = eppemeris transit time ’ , ’
latitude of the satellite.fﬁom the ephemeris
longitude of the satellite from the ephernieris
Greenwich Meridian time in secs. . ,

”00
T B

05 = right ascension ' . ' "0y

© = angle between the nose axis of the satellite and the'équato}ial

plane / . |
¢ = azimuth of the nose axis W.R.t.the vernal equinox

i

1




!
! !

h ' 2“ ! : ! ! LI i
w= “"/T where T is secs., in a sidereal day , 5 0
! ' !
‘ Given the angles 0 and OE' we can set the tnit vector U" in a:
‘ "+ rotating system as: ' . ' '
) i _ ,

& 05 ..J G N 16
u" ='i coseE cosoE + ] cose sinoE + k s1noE (16)

' 'where iis in the Greenw1ch Mer1d1an Plane, k is in the ‘direction of thc

north pole and j = kx1i.' Both 1 and J lie in the equatorial planc of

the earth. r ,

. !
5 , If we let tm equal the ephemeris transit ‘tim2 at which the Creenwich .
' Meridian Plane transits the sun line (this time .can be found on pages 19-33
in the above mentioned almanac). and « e’ Tr- where T is the time ‘in seconds

for a sidereal day, and t s GMT in seconds, then

i
' 1 ' g . ) | |

I=14 cos [u(t-tm) +’os] + j sinfu(t-tm) + o] . .an

!
'

’ ' ' . j =-i sin[w(t-tm) + 0] + 3 cos[u(t-tm) + ¢] _ . (18)

I ' Using (17) and (18) we can now express U" in the 15 j. k fixed ! )

' system, fe. ' (
: ) - ) L ! . I ; '
| P" . i cos0g cos[w(t-tm) +‘os + oE] + 3 coseE sinfw(t-tm) + LA °E] (19)
i ' : :
; ! ,
! I ' ! + k sineF !

! i

where k is parallel to k. Perhaps at this point, some diagrams might help
! ot '
! , elarify matters. - , L i

[ ] , Dec i
: 22
! | !
! !
! . ! ! : ) !
' ’ ! !
' J |
! '
\ .
' Lo o , Pigure'18 LA %
[ ' ' ) J I ' A .
& : * A'siderepl day is the duration of one.rotation of the earth on 1ts axis with

: respect to the vernal equinox. A sidereal day is 23 hours, 56 minutes, 4.09054 secs.
] _ [ of méan solar time, ’ ' ) i !
' 3 ) \ ! s , ‘ 5

e o e e et
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In this diagram j = k x i, ond j lies in the equatorial plane of the earth
along with i. Looking at the above figure from arother view we have

5 1

-
13
[

,U(t't-) + 0,

Y

Lad ]
14
e e

e

1I

/

Figure 19

S. The unit vector e, in the fixed-system.

Given the anglss © and ¢ sany vector R along the nose axis of the satellitle
in the fixed system cin dbe written as

R = x(i cos® cos¢ + j cosO sin¢ + k sin0)

e, o -g% = 1 cosO cosé + J cosO sin¢ + k sind
ﬁ - L8R s-i sin0® cos¢ - j sind sind + k cosd
1 T % °
. 1 43R
NZ ® Tesis 3% =-{ sine + j cosé

and L !?1. Nz defines an orthogonal system.
Since the satellite may be spinning, e is in the plane of ﬁl

and Nz. and L Nl cosp + Nz sinp.

»

(20)

(21)

et e p e bl o o e e o
— - =
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er nose axis

Z>

Figure 20

It should be noted that we could have let p' = angle between &2 and ey
Then we would get

ey = N, sinp' + ﬁz cosp' .
Using the angle p we get
ey = ﬁl cosp + N2 sinp = (-1 sin® cos® - j sino sin¢ + k cos0) cosp
+ sinp(-i sin¢ + j cos¢)

=>e, =-1 (sin® cos® cosp + sin¢ sinp) - j(sin® sin¢ cosp - cos¢ sinp)
+ k cos® cosp

All that is nceded'to uniquely determine this unit vector is the angle
p, and this will be discussed in Chapter VI.

2

(22)

e R
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CHAPTER IV
DETERMINATION OF G, AND ¢, FOR A FIXED SYSTEM
In this chapter we will determine the magnetic field of the earth in

a fixed system of coordinates. Using the same approach and same unit vectors 1
as in (17) and (18) we can once again set up the following diagram: 5

Figure 21

From the diagram we note that when I = S the angle (#1,i)= ¢, the
right ascension., Thus the sun line and its right ascension now may b2 used
as a reference in the representation of s vector initially expressed in the
geocentric system of base vectors I, J, kK in the fixed system i, j, k.

Let M be a unit vector initially expressed in the base I, J, k.

Mail cosyy, cosd, + J cosy, sin), + k siny, (23)

where Yy is the angle between ﬁ and the equatorisl plane of the earth,
and A, is the azimuth of M with respect to the Greenwich Meridian Plane.
Since 1 and J are in the #quatorial plane of the earth we may write

I=1cos (wt + x) + j sin (ut + x)

? == sin (wt + x) + § cos (wt + x) (24)
If the time tm represents the time at which the Greenwich Meridian
Plane transits the sun line, then
ing cosé, + j sine = i cos (utm + x)¢j sin (utm + x) i
]
s>y = 0’ - wta ) (25) ‘

-
AR S A
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and i = i cos[w(t-tm) + °s] + j sin[w(t-tm) + os]
j =-i sinfuw(t-tm) + o) + j cos[w(t-tm) + o]

which js the same as was shown in (17) and (18) . Substituting (26)

in (23), we get .
L

M=i cosy, cos [w(t-tm) + o, + AH] + j cosy, sin[w(t-tm) + & + AH]

+ k sinw}l
However equating (27) and (14) we have
sian = sineH
cosyy, cos [w(t-tm) + o + AH] = cos@ cosdy
cosyy, sinfuw(t-tm) + °s + AH] = cosgy sinoH
i T eh (angle between equatorial plane and ﬁ)

[3Y]

" w(t-tm) + OS + AH

Now using the program listed in the appendix.' the magnetic field can

be expressed as

Y Z

F "% ¥

where TE ea. 'E are the Geocentric coordinates of the satellite.
In the rotating system the vector lhis expressable as

DE-[i cosOp cosé + 3 cosdg sinoE + X sineE]rE

e, is positive east and is tangent to the circle of latitude,

b

*FOUGERE, P. private communication, L. G. Hanscom Field, Bedford, Mass.

(26)

27)

(28)

(29)

+

<
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e, is tangent to the arc of the great circle going through the polar axes

SE
aud in the direction of increasing latitude, e, is from the center of the
earth outward. ’ E
w8 -2 . ST "
% % E "2 % e TES®%E %

In (29) the terms X, Y, Z and F are given by the referenced program and

F equals the total field, X the component of the field in the L direction,
. E ¢
Y the component of the field in positive € s and Z the component is !
E :

radially downward.

Since the angles 9 and 9. are the latitude and longitude respectively
of the satellite in the goecentric system (obtained from the ephemeris), we
now have
e. =1 cosoE cos@E + ; cosoE sin@E + k sinOE

=-I sino, cos¢p - J sino. sin¢. + K cos O

E E E

o =1 sin@E + 3 cosoE

Substituting (30) into (29) we find

FM=-i[(X sinoE + 2 cosOE) cosop + Y sinoE]

-Jlcx sineE + 2 cosOE) sinoE -Y cos@E]
+k[X cosOg - z sinOE] 0 ‘
where Fz = X2 + YZ + Z2

From (23) and (28) we have

M=1i cos@h cosAH + ] cos@h sinAH +'k sinoH
Equating (31) and (32) we find
e

°h » SHbbiE U ¢ coseE -2 sinOEJ

L F

Y cosoE - (X .sinoE + 2 coseﬁ) sin¢
-Y sin®; -(X singy + szOSOE) cos¢

El
E.

. XH = grctan [

»

1 (30)

(3n

(32)

(33)

P £ g W

————
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Substituting (33) into (27) with wH = OH i.e.

M= i cosg, cos[w(t-tm) + o ¢ AH] +j cosoH sinfw(t-tm) + A ¢ A”]

+ k sineH

37

will give the unit vector in the direction of the earth ﬁagnetic field in

the i, j, k fixed system, Equating (34) and (14) we now can find the

angles OH and °H' The expression for angle OH is given in (33) and

OH = w(t-tm) + ¢s + AH

where AH is given also in (33) . The magnetic field of the earth is then

given by
M=FM

where F is given by Fougere's program as a function of (rE, Og» oE)

2

2 2, 2
Fé = X%(rg, O, ¢p) + Y(rg, Op, ¢p) + 2° (g, O, o)

)

(34)

(35)
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CHAPTER V
DETERMINATION OF ¢ AND ¢ FCR A FIXED SYSTEM

In this chapter we will discuss the determination of @, the angle
between the nose axis of the satellite and the equatorial plane of the

. earth, and ¢, the aximuth of the nose axis of the satellite with respect

to the vernal equinox.

A. Theoietical Description

The unit vector e, in (15) can also be expressed in the form

x>

A

wmin,»

, 8 - x
e_ = aM + +
r P+ B8 x

]

2, 2aBMiS = T

where M and § are as in (14) and (13) respectively. If we dot er
with M, S, and M x S we find

and dotting e, with itself o + 82 +y

ﬁ-er = cosB” =aqa+ Bﬁ-é
§'°r = cosB, = cﬁ-g + 8
ﬁ . §°er o ka-' MxS

Mxs|
Equation (39) can be rewritten as

M x
Yy®= 0O
|Mx

The angle Bsis defined én Chapter II, and BH is defined as

H i 0
z L]
cose T

H H°

38

(36)

e

37)
(38)

(39)

(40)

41)

- P, IR

g e o
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where Hz is the component of the earth's magnetic ficld parallel to the

nose axis of the satellite and "o is the total magnetic field determined
from the three magnetometers X, Y, and Z.

i.e. a

; 2, Y2 n zz

Solving (37) and (38) for a and R by Cramer's Rule we find

cosBs - M:S cosB"

g =
1-(M-§)°

.

Let 1-(M-S)? be replaced by Iﬁxélz, then we can express e_ as

s (cosB" - M'S cosBs)M . (cosBs - M-S cosBH)s . (MSer) MxS

e = = =75
c |Mxs |2 |Mxs |2 |Mxs |2

Since er-k = sin® where L is as in (1S5), then using (44) for e,

and taking the scalar product of e and k,

(cosBH-M'Scos Bs) sinG)H* (cosBs-M-ScosBH) sines+ (MSer) coseHcosossm (Qs-oH)

5ind =
1-(h-§)°

All terms in (45) are now knownexcept for the triple scalar product
for (MSer). If we take tfle scalar product of (44) with e we get

(cosBH - M*S cosBs) cosBH + ‘(cosBs - ﬁé cosBH) cosBs + (L.iéer)z
s |2

1=

”

(42)

(43)

(44)

(45)

(46)

i

-
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Replacing (ﬁxélz by 1- (M:5)2, (46) can be rewritten as

v §% Al 2 -
(MSer) = 1-(M-S)" - cos BH - €OS Bs + 2M-S cosBs cosBH

Replacing cosZBH by l-sinzeH and completing the square, (47) can be

rewritten as

(bse )" = sin BH - cosze - (ﬁ 5)2 + ZM S cosB cosBH

- €OS Bs cos BH + COS Bs cos BH

g2 2 e5k2 2 2 $ A 2
(MSer) = sin BH - ¢cos Bs (l-cosBH) - (M-S - cosBs cosBH)

L. R 2 2 Saps 2
(MSer) = sin BH sin Bs « (M-S - cosBs cosBH)

Now replacing (48) into (45) the angle O can be determined, however
an ambiguity arises due to the term

(MSe =2 v/sin BH smYB - (M S - cosB cosBH)

According to Report AFCRI.-55-516 page 5, the positive sign for (ﬁée )
must be taken where e . is on the same side of the M-S plane as MxS and
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the negative sign where e, is on the opposite side of the M-S plane. Also

for a flight where the magnetometer data is accurate (MSer) will be real,

i.e,
(ﬁéer)z = sinZBH sinzes - (ﬁ § - coses cosBH)2

In actual flight, however, it occurred that.(;léer)2 <0 which is
physically impossible. This was a result of erroneous magnetic field
data which occurred frequently during the flight of ov1-5.

When . makes an angle <90° with the vector st then (MSe ) >0
and (MSe ) <0 when the angle made >90°. In the case of a rocket flight,

this presents no problem but for a satellite we are unable to predetermine
the position of e, relstive to the M-S plane. In order to get around this
problem, the output for angles © and ¢ from the program ASPECT was analyzed

and those values which gave the smoothest curve fit were selected.

»

(47)

(48)

(49)

nc g« s re
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In this manner we determined whether to takevﬁ“éet)or-(ﬁger)during a
specific position of the flight or a combination of both. 'That is, when

a crossover in the plot of 0 occurs the sign of(ﬂﬁezjshould be examined

to insure a smooth fit. If at apy time in the flight 83 = 0, the ambiguity
does not exist since at this time

and =9 .

as can be scen in revolution 957.
Using expressions (14) and (13) and forming the scalar product of
each with e, we have

€os0 cosQy cos(¢-¢,) + sing, sino = cosB, (50)
coso cosos cos(o-os) + sines sino = tosss (51)
Now according to Report AFCRL-63-871 page 5 and 6, upon multiplying (50) [
by sin@s and (51) by sineh we can eliminate sind from (50) and (51). In

a similar manner cos® can he eliminated and the above equationscan be

rewritten as ‘e

b1 cosO cosd + b2 cosC sin¢ = a
(52)

(b1 sin® -¢) cos¢ +(b2 sino- cz) sin¢ = 0
where
as cosBH sin@s - cosBs sin@H

b, = cos@, sin®_cosd,

1 H s H
b2 = coseH sin@s sinﬁ‘ - coso; sineh sinos

- cosGs sxn@H cosos

¢ = cosaH cosBs cosoH - cosos cosB" cosos

cy = cos@H cosBs smoll - cosGs cosB" sinos

the solution of (52) is
a(bl sine-cl)
cosO(blcz—bzcl)

sind =

»

e

A el - o
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b, sin0 - ¢
cosd = A 2 2) '

c?so \blcz-bzc1

or . .
blsxne -

tan¢ = a
-(pzsme - cz) |

, .
Another and less tedious method of determining the angle ¢ is to take

‘the scalar product of e. in (15) and (44), both wi;h i and j. In this case -

tane = 4" . ' T (54)
p—_— .
l'er . )

where the expression for e. in (54)'15 that found in (44).

B. Program to Determine @ and ¢ with Expianations 0 X 1 "

The following Fortran program named ASPECT was written for the IBM 7094
computer and its purpose is to calculate the angle G and ¢ as described in | :
(45) and (53) respectively. Frequently during the flight of OV1-5, we found i
poor magnetic field data. As a result, when running this program conside‘ra-
tion of the angle BH = ({fd, er) sometimes prgducled erroneous values. That is, -
terms in which cosB", written in this pm_gram as CBETAll, were involqu
produced at times negative values for

L ulplp

1. - STHETP * STHETP
1. - STHETN * STHETN
used for the determination of

CTHETP = SQRT(1.-STHETP * STHETP), _ o
and CTHETN = SQRT(1.-STHETN * STHETN) .
In ASPECT, CTHETP = COSO when El:e plus sign for (ﬁéer) was used and CTHETN =
COSO when the minus sign 1;01- (MSer) was used. In the final analysis these few
poor data pcints were overlooked to insure a good curve fit. '
The output of this program is as fullows:

| RIS Y S

LYY . 2 2 a a 2
MSert = sin BH sin 8 - (MS - cosB, COSBH)I

e« /1o

»
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1 1

THETAP and PHIP are the angles 0 and ¢
when + v'MSe t was used

THETAN and PHIN are the angles 0 and ¢ ,
vhen - v MSe t was used
o !

: H = the total magnetic field éélerm}ned from the’ data
SUNAX = (45,e.) ! ‘
' SUNTHE= (45,e) L ' ‘

i

SUNPH= (45, ¢ ) B . :
GMIT = Greenwich qean time of each data peint

THETNW and PHINEW are the latitude and longitude
respectively of the satellite with respect to
Greenwich fdr the time GMIT. L

!

SIG is the signéture voltage of that sun sensor
which is giving sun data i
! ! g

N

[
!

-y ——
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¢1D 0232 MARCOTTE ASPELT £3 44

sI1CP TIME=0Z o PAGLS2LS - @ e e e e

tAll CONTINLUE .

sloJud DLOGIC - |

$IBFTC ASPECY HT.REFoDFCKoSDD

C ASPECT = Y _

C Tet* TAzANGLE RETIWFEN AX]S ANe EQUATORIAL PLANE

C . PrHI=AZIMUTH OF AXI]S OF SAJELLIIE WRI_VERNAL. EQUINOX

C THETA=r=ANGLF RETWFEN COQUATORIAL PLANE AND MAGNETIC FIELD

v Pril=n=nl IMUTH COF MAGLETIC EJELL WRI..VEKNAL. EGUINOX .
DIMcNSION THETAL256) oPHI(2598) oX(258) oY (258192Z(258) oF (258) eGMI (258}

- UMEGA=2e#301515927/601664041 oo o0 0o o oo

95 READ (5490) 1"';tﬂgop.“lSO'MONUM“O(HECK“.SPAN
v FURMAT (2F1065+F 1002 06X 0lloesdbbel) - - - -
Js0
- - -Jd3Jt] -
THETAS=THETAS®#,0174533
. PrlSzPHISR,0)24533 —
READ (542) (THF!A(HoPHl(th(lhY(lhZ(th(thMNlhl lcN'lMﬂ)
cemene-@& FORMAT (2FJ043010Xe5F 1003}
G READ (591) OMTToxX9YY9ZL95A19SA24SIGMTEST
. 1_FORMAT _LZF10.3:5X4s15) .. .-

e - e .o e

C DETERMINATION OF SUNAX+SUNPHI » SUNTHE
AzABS(S1G=4e69) - _ B S
B2AHS(516-3.90)
CsABS(S1G-3,19) 00 C oD D ¢ Coei o & o o

D=ABS(SIG-2447) ’ f
. €=AB5(51G-.86) . — .
FF=ABS(516-1457) .
JF(e31-A3-5610410. . seoc
S IF (e35-8) 6911911 .
6 IF (35=C) Teld912 v O PGS || ot | —
7 IF(e60-D) B+13+13
oo B IF 1a3S=EF3.9436s146 . O —
9 IF(e35-E) 97415415
1V ALPHALlz2=454113-1,273%5A1414,3994SA1#SA)1=2,167%SA 3 .
ALPHAZ2=-44,852+1.363%5A2+413,063%5A2%5A2-1,984#5A2#%3
—e—=- - _ SUNPHIz90e-ALPHAL - -
SUNTHE 290, +ALPHA2
—e e ALPHAl ALPHAL 2,01 74523 e
ALPHA2=ALPHA2#%,0174533
... XCOS=SORT({COSIALPHAL ) ##2=SIN(ALPHA2 ) %%2 ) e UL
XSIN=SORT(1,=-XCOS#XCOS)
o . SUNAXsATAN(XSIN/XCQS) . - _im
SUNAX=SUNAX%57,29578
SRS <1« YA o T - SRS " -
11 BETAL==65,956+40636%SA1+11,970%5A1#5A1-1, 901~5A1~*3
<~ . BETA22-45¢291+43¢724%5A2+12a0148SA28S02=-1A73HSA2R%S . [ - .. o ..
SUNPH[=90,-RETAL
. SUNTHE=90e=-BETA2 — 1 . .
BETAl=nETAL#,0174533 .
in e e BETA2ZRETA2# 40174533 — .
XCOS==-SORT(COS(RETAL ) ¥#2-SIN(RETA2)##2)
e XSINSSORT(1=XC0O5%#YCOS) .- | ool -
SUNAX=ATAN(XSIN/XCOS) * .
po—— ce SUNAX=SUNAX#57429578+180 -
GO TO 16
12..GAMMAZ-45,87.742, 5704541 412-8164SALESA =l QONKSALERT (o

SUNAX=90e-GAMMA
- . cieee GAMMA2z=06495B444022%5A2+4]12, 134 B5A24S02:-1,907#542%%3 .. . _
SUNTHE =906 =GANMMA2

e e e = - ¢ mm——

.




GAMMA-GAMMAY 0174533 45
GAMMA2=GAMMA2#,0174533 . ————— - =[5
XCOS=SGRT(COSIGAYIFA) *#2=S[N(GAMMAD ) #42)

— e - XSINSSCRTL1e=XCLSEXCOS)
SUNPHI=ATAN{ XS IN/XCOS)

—— SUNPHI=SUNPHI £57.29578 - -
GO 10 16

- 13 DFLTA=-45, 79503.?96!SA1013.§281$4+l6&$ 3 ePTOESA) RS . o - - =o3

SUNSX=CUa=-DELTA
DELTAZ:-4%e58643: 06873474 12el00iSASEIL2 2l e BESEIARRED — oo oo - et e
SUKIE=90.«DELTR?
DELTA=DLLTA%,0)74533 . =k RO

DELTA2=DELTA2%,0174533 .
XCO5==50RT(COS(UELTA) ¥ 42-5INLDELIAZIS82) . .. - oo
XSIN=30RT(1e=XCOSRXCUS) .
SUNPHI=ATANIXSIN/XCOS) #57.29528+4180 o=l e o @
GO 10 16

146 FIHFTAz=045,6N1472,523%SA1412,4838841854]=],0]08SA1%83 . _ -
SUNAX=9Ne~F THETA
FIHETZ=-664021+43.72885A2412,22705A2482-] 8958542453 . - -
SUNPH[=90.-FTHET2
. I FTHETASFTHETA% 40174533 S 09008 & = aTmEGes GCme @ ©
FTHET2=FTHET2%,0174533
XCOS=~SURTICOSIFTHE [A)##2=-SIN(FIHET2)#%2) . . . ._ - - -

XSIN=SQRT(1e=XCO5%XC0S) .
SUNTHE =ATAN(XSIN/XCOS5)#5T729578+180. R et S R
GO TO 16

15 EPSILKh==48,057+14, 876*SA1f5-15A8$A485AL—o&SL£SALt£3~. . e 2 SN
SUNAX=90e~EPSILN
EPSIL236466387~T7s424%5A7~9,101#SA2#%24].L008SA2#%Y. .
SUNPH [ =90,-EPSIL?2
tPSILN=EPSILN*,0174532 . I —
EPSIL2=EPSIL2*:401704523
XCOS=SARTICOSIEPSILN ) #%2-SINIERSIL D) £22) —- -
XSIN=SQRT (]¢=-XCOS#XCUS}

SUNTHE~ATANIXSIN/XCUSI*5T 629578 . e e o o
C DETERMINATION OF BETA-H :

16 XMG=249.458%XX~6044589 oo L = e Y-
YM0O=22516256YY=6064030 .

ZMG=2474934%22-592.562 - 1 e e
H=SuRT(XMG'XMG+YMG*YM(+ZNG'ZMG)
GO TO 130 . et [ o - =

26 J=J+1l

3. REFER=GMTT=GMT (J) s N e .
IF (REFER) 23424424

Ao e

ST T BRI

)
(]
+
{
i

23 REFER=-REFER . .. .o :
24 IF (REFER-CHECKA) 25425426 i
25 TIME=GMTT=GMT(J) . . - 4
TIMET=TIME/SPAN ) :
IF (TIME) 2742829 P — e ,f
27 FNEW=F (JI=TIMETA(F(J=11-F(J)) . . ;
XNEWSX(JV=-TIMET* (X{J=-1)=X{dd) s . . -
YNFW=Y(J)=TIMET*(Y({J=1)=-Y(J)) - g
ZNEvizZ (J)=TIMET#(2Z(J=1)~2 (.13} - ....-nm“-__.4
THE TNW=THETA({J)=TIMET*#(THETA(J=1}~ THETA(J))
PHINEW=PHLILJ)=TIMET*(PHI (J=1)=PH]1J)})) —— -
GO 10 133 7
. .28 ENEW=FJd) ... .. -
XNEW=X{J)
YNEw=Y({J) ... —_— - - - T . L S
INEW=2(J)
" L.



TreETNw=TrETA(J)
ChiNrwaRs]liu)

et

- -
UE'W

23

[ X K]

8 FNFasF L A)T NP LRIF I L) =FiJadid

= a3

(al

oi
62
R R

e e LPHIHa COSLPH LI

PRSTR < /00 ol -

Sy (V=T IVET el S)=t1Jel))

YNC A=Y (S =T[difTaivid)=Vido I o ..

CNS Nzl Y=TINVET 2041 =210l )

IS S VIRETSATIE RS TS CIR TS STMIPS FTE STHS 8§ U

PerldNesserliJial ivTu(e=1({L)=PHItJ*]1))

Loz laM=XNas i g

Frol TN =THET NVt L T3

PHINE2=PrilMEute. 74333
CETexvINATION -

e Fdem AN[, PrH]=n

AT TR LINE RS L L TRE (NG b~ N i SN TuE EN ) VSN e -

CimETHz5RT(1le=" THETHIGTHETH)
ThF TAh=2TAML LTHE Sr2 CTmE TH

LA E 2 2 YERUY

U THE "M e NERRCLSITHE TY )

AMOARZATAML LYNE&f Jul Pl NEW)=ToaMBSINLEHIAI &L LLL-YOF &8

ISINIFHINEW)I=TERN#ZCI(PHINEW) ))
PrlnzlMESARLGHLTIT - T5) +vH LS«AMOAR

SETERMINATION OF W35 AND MSER
A2C=CASLTHETAS) s

SEFELINITHETAS)
ACF=CCSLFERHISY
DFH2LIMIPHIS)

ESDOIS=L TAf Th e ARC R CLSIPhIH-PRIGIASTIHE LHESEF .

GUMAX=S.INAX#47174537
LiMal=LINLGLNAK

L WN=CR3(GUNAX)
CCOGBET=C0SLN#CRETAR

EMSERT=SINSUN#®SINCLN#( ] o=CRETAH®CRETAA = (EVDOTS=COTRET ) %%,

IF LEMSERT) &1 b b
EMIER=06D

46

CMIER=SGRT (SMOLERT)
CQETERMINATLION CF THETA AND PHI

BE=ABCHCTHE LHAS [N (PHIS~REL) RENSER

CC=21e-FMDOTS#EMCCTS
STHELP=LAA28B1.L0C. .

63 AA=(UEF-EMDCTS#oTETH) #COSUN+(STHE TH=-EMDOTS#DEF ) #CEZ TAR

STHETN=(AA=-RR) /CC
CTHETP=SARTL Le~STHETP#STIHEIP)

THETAP=ATAN(STHETR/CTHETP ) #57,29578

~LCTHETN=SART L La~STHE INSSTHETN)

THETAN=ATAN(STRETN/CTHETN) #57,29578

-? .

SPHIHzSINIPHIHR)

BlsCTHETH0EE #CPnlti~acCRITHE TH#ACE

R2=CTHETH®*DFEF#SPH I H=ARCH#STHE TH*DFH
Cl=CluFTA#COSUN*CPHLI=ARCHCRETAMSACE
T C2:=CTHETH#COSUN#SPH I H=ARC*CAE TAH#DFH

AMUM=R)#STHETP=-CL . ...

A

ADENGM2={32#STHETR-C2)
BNUM=BL*aTHETN-CL _

RCENOMz-(R2#6THE (N=C2)

PHIP=ATAN. (ANUM/ACENOM1%87,29578

Pa[N=ATAN
LF(PHIR) 20972972 oocs

{BNUM/ 0l i NG ) #57629578

[FEANLMY 73975973
1P =PHIP+180 =

GS o 76

N



IFCANUM) T1e73,73
PHIPIPHIP360.
GO TG 76
PHIP:PHIP .
IF{PHINY 80482482
82 TF (ENUs) B3+85485
&3 PHIN=PriIN+180¢
- 60 TO &44- - .- ..
gv IF (bhUM) 81.83083
81 PHINZPHILA68e—-
60 TC 44
PHINZPHIN

71

.- - 158
76

= 85
bt

PHINEW=PHINEWRSZ, 2

- -

THETN® = THETNW#57,2C5 7R

578

o XX

e e a————

WRITE (6949) EMSEREMSERT oHoYHETAPoTHETANoPﬂlPoPHlNoSUf\AX;bUNTnEo

— - 2SUMBRHL A THE T PILINE s SO GATY
49 FORMAT(1X92FTeb91NF6el9Fb6e3+F1063)

1PHINE R CMTT

~—043 FORMAT(10F6e19F103)

47

97 IF (MTILST=999) 44995496

stTOoP

oy (SIUBESIO oo 5

== END C e - - e Moy
$DATA
4

vee PUNCH .43 9HoTHETAP o THETAN o PHIPSRHIN aSUNAX s SUNTHE o+ SUNRY ] o THE TNus -

Pyr—

B )




© with pregards to the satellite as discussed in Chapter II. .
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QHAPTER VI
DETERMINATION OF (fe,, U")

In this chapter we will determine the angl!e between the unit vector 6"
as expressed in (19) and e, in (22). The unit vector e, is the direction

)
3
"
i

of sensor C on the satellite and ey ¢, X €, for the €. o systen -

A. Determination of e, in another fixed system

The problem as was mentioned in Chapter III is to solve for the
angle p. In order to do this, we must set up another system for ey In
the following figure, € is in the plane cf "1 and Nz.

MRS, gty o & Wi U

Figure 22

and can be expressed in the form

e.s o5 + B(e, X 5)  ySx(e xS)

¢ P |er x §| ngfer x gil (55)

where é. and the vectors (er x S) $ Sx (e x8)

IerxSI . ISx(erxS)I '
define an orthogonal system of unit vectors. Since
S x (er xS8) = e, (S:S) - S(erfS) i ScosBs

it is easy to show that

h
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|cr x SI 2 IS x {e_x s)| = sinf,

where Bs = (S er)

To deteruune s, i, and y xn (55) we must take the scalar product of
e, with S, e, X s , and S x (er x S) respectxvely. This gives us:

¢
sans sInBs

as eQ.S = cosys

g = e, (er x S) ) (eee S)
smss sans
e (Sx(er x S)) _ - [er -S cosBs] .. COSY, COSB,
s, = ® -
sxnss SInBs sin8

Using (57) , (58) , (59) it is now possible to set

% (eoe S) (er x S)‘L cos§, cosp, S x (er x S)

sines sim%s sines sinBs

o = COSYg S +

If we consider now the scalar product of €, ir. (G0) with itself,

a2 -2 2
1= coszys . (5°°r S) + ©€OSTYg cos Bs
2 2.
sin Bs . sin Bs

N

(56)

57)

(58)

y (59)

(60)

—— e i o e

Y e
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S0

2 y 2 252
=> sin Bs = smzcs coszys * coszas cos"y, ¢ (e.er S)

—————
(1))

=> (e.erg) e+ Jin B, - cos’y,

Inserting (61) into (69) , e, is nov expressable in the orthogonal

s,stem S, €. X S ., Sx (er xS) . The plus sign for (°0°r §) wiil

sinBs sinas

- - 4
used when e, is on the same side of the el - S plane as L S. Otheniise
the ainus sign will be used in (61) .

B. Determination of the angle o

Using expression (22), (60) with the value of (eee'rg) found in (61),
the purpose of this section ui!l be.to determine the angle p that e 1akes
with N, wiiile rotating in the N, - N, plane. In this method, we shall
equate the Lk coefficients in each of the above mentioned expressions for
e, The k coefficient of (22) is cosd cosp. If we let

A = cosé sin¢ sin, - ¢os9_ siné_ sin@
B = «:osos cosé, sin® - cos9 cos¢ si.nas (62)

C = cos0O coses sin(os-O)

It can be shown that the k coefficient of (60) where § and e, are in the
i, j, k systems is

C(e,e, S) _ cosy, cosB, ['cose, cosé, B-coso, sin¢ A (63)

cosy, sin@s + - -
sip By sin 8¢

Equating cosp cosp to (63) and simplifying

cosp = sinzascosyssino; C(e,’erS)-cosyscosBscoses [cosossine- cosesinoscos(os-o)] (64)

sinzBs cos0

N

< .ﬁ‘ ot

. -qq

el - g @

i inine o medteh A A

PV IR
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We may further simplify (64) by using.the expressions for L and §
in (15) and (13) respectively.

->er-s = €059 cosO, cos(o-os) + sin0@ sxnes = cosss

->sin28s c0SO cosp = sinzss sines 0C(e.er§) -'cosBs(sino - sino;cosﬂs‘

COSYS cos Vs

p3 2 2 q
sin Bs sines * sines cos as + C(°¢°,5) - cosss sino

COSys

cosp= cosy, [sinos - coses sing@] + C(ooerﬁ)

sinzas cos0O

Due to the term (°0°r§) an ambiguity results for the angle p. As
can Ee seen by figure 22 in this chapter the angle Y is a minimum when
e S, and e, all lie‘in the same plane. We know from a previous
discussion that.(eoerS) is positive when LA is on the seﬁe side of
the er-s as ex:s. Therufore we may also say that (eoerS) is negative
as y, goes from its max value to its min value.

We can obtain another expression for thc angle p by considering
the scalar product of (22) with the sun vector S expressed ir (13).

If

Al = ¢cos0 sinos - coses sino °°s(°f°s)

Az = coses ;iu(0-¢s)

h

(66)




foen

S2

Then

e’-s = cosy, = Al cosp -.A2 sinp

=>A12 coszp - ZAlAzsino cosp + Azz sinzp = coszys

2 2 2 - 2 - 2
->Al + Az tan'p - ZAlAztanp - cos’y, (l+tan“p) = 0

-»(Azz - coszys) tanzp - ZAiAztano + Alz = coszys =0

=>tanp = AlAzt J/Azz co.v;zys + coszys(Alz - coszy)

2 2
A" - cosy,

2 2 v
tanp = AlAz* cosy, / Al + Az - cos’yg

7k 2
A2 ~ cos’y,

but 2,2 2. .2
Al + A2 = cos O sin 0s 4 2¢080 sines coses sino cos(o-os)

2 2

2 2 2
+cos es sin“0 cos (°'°s) + cos es sin (o-os)

= (l-sinze) sinzes - 2 3in0 cosO sines coso_ cos(o-os)

+ coszes (l-cosze)'cosz(o-os) +'cosze’ sinz(o-os)

= - sinze sinzes - 23in0 ¢oso sines cases cos(o-os)
- coszos cosze cosz(o-os) +1

=1- (sino sinos + cosO cos 0, cos(o-os)z

s0 by (65), Alz . Azz - 1-coszas - sinzes

Inserting (€8) into (67) we noﬁ.have another expression for angle
p, that is

T o 7
tanp = AA, ¢ cosy, Y/ sin By - 08y,
2 2
Az - ¢cos v’

»

(67)

(68)

(69)

- -
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The ambiguity can be resolved in the same manner as previously discussed

since the term in the square root is exactly that found in (61).*

C. Theoretical description for (jee, ﬁ")

Rewriting the expressions for ﬁ" in (19) and e ° in (22), we have

0" = i cosq. cos{w(t-tm) + o ¢ OE} + ] coso sin{u(t-tm) + & + OE) .

E

*+k sineE

o

L =-§(sind® cos? cosp + sin¢ sinp) - j(sin@ siné cosp - cos¢ sinp)

+ k cos® cosp

Now taking the scalar product of (19) and {22},
ey ﬁ" =- $ind cosp cosc!3 cos.(o-[u(t-tm) + 6; +

- sinp cos(-)E sin(¢-[w(t-tm) ¢ ¢s + OE])

ey ﬁn = cos(te.. ﬁ) = coseE[cosp (coso tan(—)E -
-sinp sin(®-[w(t-tm) ¢ o ¢+ °E])]

In summary (70) determines the a'.f;g?e between

) angle o is determined by (69) or (66). When Yg is

+ sign for (e,e S) and when v, is decreasing, use

D. Progran to determine (dey, ﬁ"l

o))

+ cos0 cosp sineE

3in0 cos(¢-[u(t-tm} + ¢  + ¢.1))

e, and U'* where the

increasing, use the
the - sign for (eoerS)

In the following pyogram written for the IBM 7094 computer and named

ASPECT FINAL, the output is as follows:

* The expression for sinp and its derivation can be found in Appendix F.

»

(70)

PO




g a

ROWP is the angle p when + v/sinzss - coszys was used
ROWN is the angle p when - /_sinzBs - COSY;S was used

ANGLEP is the angle between e, and U'" whzn ROWP was used, and

¢

ANGLE! is the angle between e, and ﬁ" when ROWN was used

BANGLP = 360 - ANGLEP

BANGLN = 360 - ANGLEN o
SUNPHI = Yg " the angle between the sun and e,

GMT = Greenwich mean time for each data point

The only problem that occurred while running this program was at varying
times the term

2 2
sin Bs - cos”y,

was found to be negative and therefore an error was encountered when
determining (eoers). However this occurred so irfrequently that the
data points at which (71) was negative were just overlooked.

L]

(71)




Rk et

LUNE]

. [ 4
T TRy TTERRCOTTIE T TOUNERETT FINAL ) e
LICP TIME=02+PAGES=LY

gy e A SNETROE

b 3 ] 0] DLOGIC
ETHrTC ASPTCT CISTeNEFsDLCR LD
% ASPECT FINAL

NETERNINATTON OF RUW FON ANGLE BETWEEN L-P1:1 AND U IN FIXED SYSTERM

IR SONPHT 1S CLCRIUESTNG FROM 180 TO O DLGREESs USE ROWN
Y READ(545)THETASPHIS T

£ -
€ __ IF SUNPHI IS INCREASING FROM 0 TO 180 DEGREESs USE_ROWP
¢

5 FORMAT(2F1NeBsF1Ne?)
L _THETAS=THETAS*,0)74533
T T PHIS=PHIS¥,0174533
UMEGA=24%341415927/861664051

T TRERN( S, LI THETAePH] s SUNAX s SUNPRT s THETNS s PHINLW ¢GMT oMTES T .
1 FORMAT (6FTelsF)0a294Xs14)

THETA=THETA®N174533 ’
PHI=PHI*¢017457%

SUNAX=SUNAX#*¢N1745213
SUNPHT=SUNPH] #,01745312

T T RSCOS(TAETA) *SINITRLTAR)=CORI THE TASI #SINITHETAISCOS(PHT=PHIGT

RzCOS(THETAS)#SIMN(PH]=PHIS)

C=COSTSUNPHT)
TERM=C#CRTISTN(SUANAX ) ##2-CxC)

T T T SROWP=A%BRTERN T U .
SROWN=A#B=TERM

—— L SRRTETRC

HYPOTP=SQORT (3ROWP#%24CROWH#2) ' !
T T T TTTHYPUTRELGRT I CROWN ¥ ¥ IS CRCL YR 2] I

SRCWP=SROWP/HYPOTP

- T SRUUNEIROANZNYPUTN

CROWP=CROW/HYPOTP :
T T CROWNECROW/HYPOTN — -
C DETERMINATION OF ANMGLE EFTWEEn E-PHI AND U

AMUA=PHINEW* 40176533
PSI=THETNI#. 0176523

T T BECOS (TRETAT RS TR (FS TT7C0S PR TT=STRTTRETATRCUSTPAT=TOREGRY

2{GMT=TM)+PHIS+AMDA) )

T T T EESINTPRI=(OMEGAT (G T=TF  +PHIS+ANDAT)
XCOSP=COS(PST ) #(CROWP#D=SROWPHE )

XSTRP=3WKT ] ¢ =XCUSP*XCOSP )
ANGLEP=ATAN(XSINP/XCOSP1%57,29578

TXCOSN=COSTPST I ¥(CROANED=-SROWNEE )
XSIMN=SART(1,~XCOSN#XCOSN)
T T T RNGLENEATARNTXSIKN/RCOSNI¥5 7. 20578
AAMGLP=ATAN(=-XSTNP/XCCSP1#57429578

TE{XCCEP 40346
4 ANGLEP=ANGLEP+180,

T TRV CLPERANGLPFIE .
GO 10 12
T T TR BANGLPERANGUP+ 360,
12 BANGLN=ATAN(-XSINN/XCOSN)I*57429578

TFTXCUSNT 7+ 348
7 ANGLEN=ANGLEN+180.

I e sLN=H Qe
GO TO 13
T T8 NANGUN=BANGLR+350,
13 ROWP=ATAN(SROWP/CROWP)#%57,29578
SiNE i (] [
IF (CROWP) 24193426
T T TG RUNP=ROWP+18U,
N

[

st

- e



“sa

T o0 10 46
26 IF (SROWP) 44446 s66

T T T RET RGP ERONF #3606
46 IF (CROWN) 5493456

R4 RUOWNSROAN+]180,
GO TO &6

T T T UTBE 1T (SROWN) 6L e6Le66
64 ROWN=ROWN+360.
T B SUNPHI=SUNPHT® S 7. 29578

i
WRITE(E 1] )ROVPsROWN I ANGLEP s BANGLP s ANGL EN9sBANGLN 9 SUNPH] «GMT !
1

I FORMAT{IX 8P 10631

PUNCH 2oROwPoROﬁN~Aﬂ9&£“oUANOLPoANCLENoUANGLNoSUNPHInGMT

CTFORMAT (BFIT A
IF(MTEST=999)349s1°

CTUUTYTTCALT Ex T
STP

END
5841A
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E. Plots of the Angle between e, and U" with explanations

When plotting (1e°, ﬁ") the rule to choose ANGLEP when Yg Was
increasing and ANGLEN when % vas decreasing could not be strictly
adhered to. The angle Yg could start increasing or decreasing
without switching to the cthcr side of the e -S plane. In order to
determine if the switchover actually occurred, the appropriate angle p
had to be examined (ROWNP for ANGLEP and ROWN for ANGLEN). A switchover
from ANGLEP to ANGLEN when Yg starts decreasing should incur a smooth,
change from ROWP to ROWN and similarly when Yg -starts increasing.

Another point to bear in mind is that unless (15, e ) is quite
small when a critical po1nt occurs for \ then to insure a switchover
from one side of the °r's planc to the other side the angle Ys should
have a min value fairly close to 0° and a max value fairly close to
180' This can best be seen in figure #22. The vector e, lies in the
Nl '"2 plane and the min value of Yg occurs when e o S and L all lie-

-

in the same plane.
Still another point to bear in mind is that high detector readings

may occur on detectors looking in the direction of sun sensor D even
though (4e°, ﬁ") is a large angle. This occurred in revolution 480
approximately 53.5k seconds GMT and the reason was that the detector

was looking almost directly into the path of the sun as shown by the
plot of (#S,ey) for revolution 480, If the detéctors in the direction
of the sun sensor D are not looking into the path of the sun and if
there are no reflections from the albedo as may have occurred in revo-
lution 957, then these detectors should have high readings when (¢e°, G")
has low angular values and low readings when (seo, U") has high angular

values.
As one can re;dily sec, in the following figures #23-#26, there

are points which do not follow the general trend of the curves. These
stray points were included in the plots to give a complete picture of
the data analyzed. The data listings for these plots can be found in

the nppendix. ' g

»
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; REVOCLUTION 480 5/4/66

Ubt ANGLEP FROM 48519 SFC: TC 53414 SECSe AT 53450 SECS SWITCH TO ANGLEN SINCE
TUNETIT AND ROWP INDICATE & SwITCH TO THE OTHER SIDE OF THE ER=S PLANE. UGE
_ANGLEN THROUGH 55896 5ECS.

RCWP ROWN ANGLEP  BANGLP  ANGLEN  RANGLN _ SUNPHL (M _

06320 Lbebb2 1Chel74 253.0826 111.042 2484958 111,400 ‘0551/00(‘0
T 374Ge0% 1284595 LY 254,863 102,941 2574059 GlelN” GFLIB0NE
3314652 347,680 “1e254 2624046 91,900 268.100 924700 LBLE )L ona
3TL.289 [P} 1070401 25945690 45,918 316.082 TT1eCO0 GEGAGLOCH
335,623 48,808 f64115 2734885 464350 - 313,65C 1076900 LALES,COD

TUTTT 3506545 T 256735 Tae08T  Z2BB5.933 534665, 306e135  IN3.607" adLizennd
3564727 27,327 724131  2B74860 55,798 3044202 1024607 4:723.°00

e Y%A %] 144275 674002 294998 61,099 293,501 964200 457650000
Be767 124695 £6e559 29% 4441 624110 2974890 924630 487914000
13e0%08 1le. 8 [ ERVL) 270404 034039 2964961 B8bel0D) LbBDL5e000

154157 174133 604306 2994694 62,147 297,853 87,500 4BE67.000
TIBZTC T 1LUBTGT 57,788 3024212 61.101 2984899  B4e500 456574000
21e67% 164284 554206 3044794 594608 3004392 - 80,200 48528.400C

Teenln T T 24D 51287 T0CeT18 57285 . 3024715 TEeG0r 46365000
284989 18.869 484826 3114176 544547 3054453 746300 GESGAHICEN
3ATTTS Z7e015 L6645 T15.3%7 506756 300044 T1e20n 49030, N0R
364372 270248 6414515 218,485 464129 3134871 - 6845CN 490654000

§ —

TR0 OB YICVIA T AT YT T 307,606 60,495 315500 66.00F 4S1nZ.00N
474798 40606 124647 3274357 36,955 325,045 604900 491330000 _
-3 Y T G8.L1° 7847306 T @A1.6064  0Ge028 330972  BB.700 4517°.0064 °
564676 56,611 24,4765 13¢,035 26,564 335,036 S56a200 89¢DA.000
B3 .340 IR ED ATEXL) "TBe0TE 21076 3384924 TG00 4Go3Gea0ne T

70,858 66,169 226277 327,723 19601 3404395 514907 452770900
TTTTTTR24832 BT LT B T TN (e T K ¥ S3eE33  <16elli  Th.alh LiTilelne

67986 Ds240 474790 312,210 834556 2760446 560277 5176484000
TTT Ble2B5 T WHBIHAT 564867 T T07T.138 TOeGn G 2804556 37007 517583,000
814566 311,495 £7.954 1024046 754877 2844123 366300 5155440676

T8.87% otel9 636231 [ Be66G (3e 767 P YK 33350 5z-c1.000
73,868 1164415 49,126 7014874 72,288 287,712 32.,80N S52032.00N

R 7% Y 3 ) L TR LT AYY:- VAT N Tle2 3% 208766  3Z2e3C. 5260 0CC
69,8R6 303,686 796466 806534 694723 2906277 IN,207 &50121.000

T T 65,518 IYEGS 15 T5.4106 TG 5BL TEe1T0 . 203830  Tl143N S2186,000
ble74h 292,099 AY,196 2704804 62,378 ' 297.622 32,1700 52189.000

= BITIE 285700 986 180 2b1led20 59032 3004968 3 15T BIITE O
646212 24894088 106,738 753,262 564669 303,331 334800 522%7.001

- CAGVTRE T UTTOTIZ T LT GGAR T ITHG3I%E SBe 753  303.207 6T TCT "5246240C0
8Ne9913 19,072 1624509 197,691 163,231 196,749 55,70~ 52501 .000
867,747 ° EE.TIT ThE e 702 LTI ES T6%e 53 T95ec T “ORe Ty SocrlelanT"
' 614654 59,819 1666741 1654259 161935 198406% 63,0020 29664500
6765 71 TTe N3 T6Ge 750 T55eN10 187 ec007 TG Te TGF CETEPREEY AR AT
f 6le770 S4LeB63 1637156 1964844 156,382 203,618 T0e900 52636.000
BLe2%6 ETed28  6Getdh T95e570 T5 7257 202837 TTeTON S266T.CO0
6548104 63,880 1524268 207,732 1904286 2N%4614 8asl00 527724000
TTTTTTTTRIL T2 TR Bendl  JI1ei0D 158,259 2Tle 781 ~— 88.800 S2RLILG0TT
116720 73,041 1460118 213.882 1674340 2124660 924900 52842.000
T7:3%5 T7e 775 TeSe 187 ClGelIl T4 Te0C 21 00F TBe 700 SZBTie000

luB,.822 37.88N 162,209 1974791 196,646 203,54 lq%.scn 5290 7.000
167¢02T7 TI6, 13T T30 3R T 729613 18T S4T T TYRGGR™ “TOT« 702 5293800
2vbet16 ¢« 143,277 Y7695 2624004 14F,489 211611 1144100 825754000

T 2T0VE7RT T ITNe TN T "“TTCe 318 TG 70T 1567270 TIN5 20DBe0 0"
12640 s 1rLglfn (R L) 2174266 1744240 188,710 148,600 5321, nA
e e (it S 1 7 R e il "7("'9761'5_1"5'}3'5'5 Tonens A TOCebLt Sachieu. © T
1¢ ."“‘ 102,008 152606, 2074030 1676107 1924607 150,700 51278.000
117" TEN e TIN T RS ITR TiTeC 27  163e93% 7 1'*-:‘-.;"&."“"TE?0‘.'.‘TFG"533IS:M‘¢"
o )
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116,512 1G5,65% 176338 2024662 163,360 1964640 1674300 52746,000
1134206 1054118 1%He714  201e286 161,897 198,103 1704500 £3772.000
T T ILT 6 TCTe561  158.07% 2014025 158.992 201.008 T75.007 534142000
1UR. 479 1046477 1974796 2024204 158,169 2014831 1774107 5245:7,000
TTDe 7% TOT.371 T55e551  2C%e407 T55.688  20ke512 175,400 v36b14000
112 015 980911 15?“0_5‘00 20‘60‘060 15‘0.656 205031‘6 172.70" 55)18 OOO
T OTHTGRTY TR CTLA s 20%ebls 150310 2094650 166.7n~'51‘a9.non
117'._{)“.)1 930181 1550055 20‘009‘65 1‘09.768 2100232 165065}" )J')ﬂﬁonoo .
ENYANLY &2 B9.EN2 EPGED 1914966 e581 2124410 162.10" 526174000
3u2.413 83,705 10 4438 1294562 146,922 . 213,077 15§.3nw_:3wJ4 c00
357764 96.095 75108 3344292 161,720 2184270 155,60~ 52685.000
214,390 81,545 27.689 332,311 1364370 223,680 149,50 53722.000
ARy TELIAT TFe0G 129,081 134,758 ir8.600 186,97 T2755,000
2nY,351 SF 4568 62630¢ 297.605% 116,717 242,263 125410 =ar95.non
270}&3§“‘” B8s 113~ 73988 T IB6e014  J0bLes27 263,173 ° 1214370 54128.600
285,108 23,478 Thedbh 285,644 121483% 238,165 1176257 4,155,000
) 1Y -1 PRI 1 743048 T 285,552 II11.060  24B.038  T1ec137 541567000
3v7.240 18,536 754532 2844468 111,842 248,158 1184177 %6227.000
T J22.587 7 7 273718 The318 T TET.684  103.8B5¢  256.148 1144190 %4263.000
322.122 244647 760032 2854968 1054918 25344082 112,705 542944600
R & 3 % S TPy X Y T4ehht  PB5e301 100562, 797.458 T1TeGtic 563304000
335,491 25,009 75,617 284,383 102,559 2%7.041 117,80 44361,000
34Te01 71 PATL ¥R TCebU7 2830393  10Lekw?  <DReDOR T09el 0 54365s000
345,135 264770 764174 2814826 1024744 2574256 103407 §4429.000
"T357.177 JELTT 30+ 754 219e2466 101eR%0 2CBebb0 [86endn 545600
154,779 274576 RB0.284 279.716 1006777 2594223 105900 544564000
=T 7 3564505 25.48C Y rylas * . Z11e L0037 HbLH32e000
3544585 27094 76,106 285.894 1,807 2634193 125.600 54563400
3544670 21.138 F0e350  279.541 UZe587 2B 7eb33 102600 T&bUv.000
34094567 17.172 876237 27241762 976572 2624028 102730 54625.000
T G9eCR8 T T3TIBeG57  L0eBTS  "333e325 “73e154 ZB0eBLG T GTe5CN 2486564000
93,234  322.%51 294072 3306927 T1e172 2864828 474500 sa,n..ono
T0.674 The 352 E3e540 2506e458 62et32 297e068 Tlea90 565757006
12,424 13,146 62,850 297,150 62,617 297.283 90,1307 5496a.nrn
T3.158 T3¢15h 62e16L rCTeB%6 6lelbh 297656 50000 BLIGSe 000
13.588 13,588 61,682 298,318 614682 298.318 90402% 5503{1s000
T7.017 I1.87% 59.63] 3004369 B, 776 258.c24 BTel00 B50€6.000
17.686 12,989 584 744 301425%6 606794 299.206 864900 550%7.n00
—'-'—13.2” IZ ,‘65 5’059T 5620:0! . *. 300, E,OIOO -55_[‘315:6-60-
194559 194552 956057 3030943° 58,013 301987 B6¢300 551644000
20.234 TT.529 B4, 150  3CDelB0 50113 303887  BBelLUD HOI%v.000
214223 19,344 £3.098 306,902 54,006 305,904 86,300 _5522~,000
224611 21595 t1.000 1S XL 08eb24 B6el00 55265000
244610 234509 48,760 3114240 49,374 117,626 83,600 58%206.000
26e372 25.900 484153 313.867 LYY 313,573 B3.600 L3332.060
28,093 27.010 444011 3154969 H44703 3154297 854530 552634000
31.874 28.000 Z0.406  315.50% %7.553 31 ieblT Rie0007 Zh7 N0
35,028 14,088 360677 323,322 39,914 320,086 82,400 55430000
ARV ITT * . . . 220 2500 BH4ET.000
41,860 33,056 266 330,734 35,482 324,518 814500 554%6.090
s 4G.68T 35,048 T.63% 3344366 32e 754 327e240 B2 100 €33 15000
49,992 344668 214891 138,109 344162 325,828 83.200 55524000
52eady 36.5726 T9°43C 340570 Tiel103  30GeB97 Bls3u, Do 0 R 000
34,077 2,810 S14R35 308,165 77328 2824672 77.100 557624000
=TT 3T.65T Be50U0 B5en1n Jl%e e 30 * TSh0 55 TLELABD
254513 ' 337,971 9Bef74 2614126 53,303 3064697 754700 H58254G0C
R & 257 B B 51 737 3 * 01 * . T T TR TRERAT OO
33,084 386,498 R7e062 2724978 94268 28Ce722 T1eR EFREGL,ONN

M

=
- e v S A e b e
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REVOL''TION 987

TUSE ARGLEP TROW 45055 SECS 10 6i7¢ ©

678766

65

: L3 *P 15 SPCOTH Ifs YRI5 THNTERVAL.
USE ANMALFN FRCH GBEOL G7CS TO 57906 SECS SINCE SUNPHI INDICATES A PULSIRLF

Tl TOHVER ARNDTTHE USE OF ARuLliN 15 TrilS INTLRVAL PRODULES A SFOUTHL < LLAVE
THAN WOULD AN LEP, USE ANGLEP FROF 509%7 SECS TO 51887 SECS DUE 10O ALIPHI

SuTTCHUVER.

ROw ROwWN ANGLEP nANGLP ANGLEN BANGLN SLNPH] cHI
T Ya.C1T T TI0ATT99 1476855 210.1645 166,218  213.782 266300 HEAEL G
Y4254 1084854 14G68P0 2104120 144,727 2154273 264820 4F 514000
- T, 12.7038 1454520 Gebs * 460 0510 e10C 4512ceM50C
984016 1114594  14Be727 2114273 139,2% 2204764 210700 &515B4C0C
] 92e59¢ 114 3% 136,020 05,980 139,311 | 220,689 206G GH1lE2G,000
Y1,368 121.608 183,885 Nhgala] 133,537 226,483 19,777 4502%.000
- ‘:‘i‘_.')ﬁ- I.’i.l-"-’ [.IIT.?‘:‘:'-.—lL.Ob. X o 0% 34,94 i 07‘;(‘:.‘ 55:560\1""
GhemRA. 58 40R9 1544593 06,017 640269 295731 184400 452%1,800
T OTGUET T TR GES T o156 SDTeB44  10De241  25ueTBS T6e0820 of 322400C
VBedl6 1684947 1504712 20354298 86,531 273,466 17650 45357000
TTTT10T.930 TINGLBEG 144,257 YIB.TI3 7,383 3ldebl7 172390 ¢ 5E8,00C
118,224 22%4312 123,089 7264911 28.972 33]1,028 216300 4 424,000
TTTTTII50ATET TT227 0BT TTIIA. 098 T TX6. 308 . o973 0030 «36488,000
1164065 2304062 173,491 2264509 23,428 336,572 294807 454G0,003
R 4¢P R L { Y21 IR T4 Y A L R E T L] 2Te926 332478 eb.4n BESTTLANC
614805 2344629  15N.296 199,706 1124038 247,962 6737 LEECALONE
T BT aRYT T TIATULY TR TEY I 00.837  113.972  24b6.028 Llennn 457214090
46617 140169 1944268 2054732 1294262 230,728 594517 45BENLOCO
TTTTTRYG62 T Z)aEOT-T€377T’5‘—-L’GFQ . . 0D LERBRS 0NN
394675 23,008 1524331 2074669 139,997 220,003 660177 459160007
B0.150 888 155.251 200G, 109 I[4D0.PRB 214,412 0Bl wbUBAeODT
37.67% 2Be 745 184,156 20%4844 148,017 2114983 706927 45981a000D

TIUTTTIE45T T 31,997 IBDESBATT U073,

T2 20T %E8 TRLTIN 60829000

364694 131,205 1580303 2014697 196,625 203,575 Ble200 46113,000
TTT 364483 TIRSTAS T IEDL OO T Py o GellD  Bl.70n 46148,000
16,700 36,700 16Ne185 169.,81% 160,189 199,818 90e290 4617%e007
37367 37e6RG 180540  19Ve460 160858 100742 TTeN0 GeolbeliOn
37.804 394754 1606617 1694383 161033 1984967 954000 462454700
e - 71 % e S w1 ¥ 4 WIS Y TEL-1E . YA R LT A L R A P I X YR A Ty ()
384761 424920 159,730 200,270 159,988 2004012 99.17N 46310000
TUTTTTRRLU3T T S0GGET T8I TIT T TTI9EN S0 Y, ° e INWTRRALE AT
42,049 52,179 1894149 2004851 , 1564%67 202,433 1066400 463764000
TTTITUGIVE T TEhL 1RSI IBent Jh3e ry . Prte s I ¥4 el Yo Yo Lo
1954326 16%.,071 1104329 20694671 130,678 2294322 1184000 488384000
T 198,932 T IR4GSEY T T IU6.59T 253, o e T TI6.,408 8865000
210.180 184,811 93,138 266,862 113,694 2464306 112.000 48906000
TTTTIEER IS TTTITESINTT I0TL 79T . . . e 500 BBO3ITIO0N
191,803 1774925 11164343 2484657 1224619 237.381 1156200 489744000
“IT9eB8T  IBUeD8T LU JTe72¢  <50e0TE ~ 1TIVelZ8  240eBT&  IIle005 &ZOCO5.000
197.828 1864884 1044226 2554774 113,512 2464488 1106200 49C4240C0
TTTTTI93G957 T I93NTIT T I06.8%7 T 257, . o B0 GSCTILA00 ™
185,501 185,254 113,%35% 2646446% 113,740 2464260 105,907 491104000
s & 8 1Y A 61 rYA S I VA S X N 739 . ) 000 &9L1EY 0N T
159,933 159,682 1324772 227227 132,952 2274048 102,809 49178.C0n0
STTTIRTOOET U3, PLa: o101 3 Py o e r{brda
lu7.062% 139,613 544627 305,373 82,490 277.510 T644A0N 49T19.000
TTTTT12GTET T ISGA I ST 166 TN0.2 3% I0Te33% 258+ 665 TIS630 4915r 000
127448% 1664070 73.207 2864793 1086263 2514737 T2100 497864000
R & 3- 1) 23 S €8 0101 RENA: 0 Y- TS 2TE3TY TZ3+2006 238+ 796  ~T TU+300 &%58IT+000 ~
143,680 179.826 894982 270018 123,349 2364651 660907 498544000
T8S5e372 ~ ITG.1IGE TTe? 7%  70BeUGE I127e575 230520 BSecl, GUBESeUNY
160,360 183,368 107,162 ?52.837 1284749 2314251 59300 49921.000
I%BeBUG  TTYe 588 r.J6e16E — Y1830 ) P4-TL1-28 236e539 SBeGU Y LgssZ TN
155,752 140,553 104,523 29%46A0 127,000 233,000 564507 A99R§.OFQ__
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L _2u5,086 050,162 Ygdii 28 72,616 D 45,2 800 asce - ar '
177838 lvderub 109.18% 250081% 1284693 231,307 35,607 5R363,000 y
112,73 150,087 110,578 269,022 127,870 232,130 364300 5n626.000

T IO TR [WT.878 T14e237 2ubelt? dfoel3l 233¢268 324400 S0O46. el L7
3 34853 2764531 114212  34Be7R8 38,122 321.678 29600 50491.0C0

B 19 % 4 CERED S-S DI L T 3 Toel:d T3.790 2664210 30eIn0 o8l enr
4v3,726 2764001 143460% 2164565 1694773 2104227 284700 505580000
1000918~ "Y1I7, TT6  1726e9h7  233eC13 128.206 23167196 27107 €ro%ierar

496590 1256540 13445826 225.‘*‘6‘ 132,461 227539 22300 ECLILG NN
151788 127,505 ) EETRE:M 220819  13t.707 2e4e293 16300 95C0€nnen0n |
106667 1220253 161e%K%  DIBe%)E  136,4%17) 2230469 19,100 506 ie 00

AR KoY. TZlect 30766 0 1belBhG 137e633 2274567 184500 SrT27e0Chn

986877 1214937 l47.441 212559 13B.566% 221,335 186607 ENTHEL OO0 !

T 103,391 TTITLETT IR 1LA79 U 30BTEIT . 16h.291 L 215,709  I34BCH S0793.000
1.3.86% 117,567 193,397 2060143 146,013  213.987 124700 503704000
T106 B3 TTIZ.TTE  15C.103 209897 1464697 213,303 Taesnf 528670000 i
1v9e397° 117,647 159,840 201,151 169,546 210,456 94970 5CEGLe LT
= . Jei 2y ETe T2 eLde . 2 . e sU0 SNT2E GO !
1iCel28 114,757 159218 20067922 155008 2n4,4592 50600 503574051 ]
TTGYeTTE T1T.097 1614760 1986640 1534967 066033 €302 51059400C
1U6s723 1212762 1664460 15545640 1684612 __ 2104388 7,701 51C5c.000 |
105,040 206 66.966 155136  J4Te7B3 2124217 94000 51125,000
1V44B847 1214991 1644404 195596 166,352 2134648 9.70C £11564000 !
i XL R AU Y R LI TR A alre s c K T2 10h YIT52.908" " |
V26216 12749P7 1636306. 19646%h 1616622 21B+5 7R 12,900 512234600 y
138837 T TaT.7cT  181.7R6 15871 . *36 o0 TITES 006 1
112806 11666417 152,595 2074408 149,377 210,623 20200 51295,200 |

T1RIT~ 343.230 TG7832 ° 217 16F Teed 287630 45,830 ST13%6.700 ° ‘

430172 1406628 15644410 05590 1264502 233,498 234700 513620000

= STy R ETe00% Pid o1 "Uedud e3Fe0" $OU0 DilecoedTTT !

574516 63.490 77676 2824926 814057 278,543 88e100 514564300 !

5 JRAT/FICT 278t Th ETel 1T ZS2evC 3 T8Cet27  1¥nebrls 316030 ' 510a7,GE0 T :

90092 3184162 127740 232,660 53,085 2064915 52.600 51887.000
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REAL TINME 1236 6/28/66
LSC ANGLEN TN AGREE WITH DTTFCTOR READINGS, .
ROWP ROWN ANGLEP BANGLP _ ANGLEN  RANGLN SUNPHI _ Gi'T

3354673 3394321 1794886 234116 1224909 237,091 98400 B1a31.000
327,626 333,118 137332 2224668 133,2n¢6 2264796 101,200 BlR63.00C
325,970 3324362 13ny7l6 223,286 1314995 2284105 1024207 Bi7aernn
3264821 337.000 130,775 2294225 122867 237,133 104,200 B1937e000
348458 31394506 128e:40% 24l e(9] 1174669 2624355 106627 ‘-”.‘..'t"('.u('u'-(.”
32269531 3424290 128,768 231,052 113,038 chbo962 109,600 527714700 !
- 319,705 3664095 1275807 23044620 107,866 . 2524134 112.100 522_;‘_;_-(‘.09_ ’
] 3l5.816 249,004 171.9%1 2284049 1064302, (554658 111e402" B2C6Te0N0 '

3u94078  156,76F 135,613 336,087 27,147 2624853 112,200 5230070
255,416 5e34h 123,006 2164904  B6eB25 2734175  115e6°7 2174000
2864712 374376 1574626 209,376 %8,2]17 3014783 1174670 8216°,000

T WEAL TIME 1237 6/29/6b i
1'SE ANGLEN 10 AGREE 11TH JETECTOR REALINGS ‘ANU TO PRODUCE A SMOUTH CHALGE FROM
RFAC TIME 1236 T

T T ROWP ROWN  ~ TANGLEP BANGLP ARGLeN A ANGLN SUNPIHT oMl

TR, 24E . 3584383 Te605 3150995 51.767  30B.231 64+6N"  130740AN

- 50.R98 3564980 f4106 31514804 8246643 3INTe557 6%e1000 13‘((--00"‘

r3 - PP T 28Tl TTeuTS 300705 T0De330 25Le861  I35.607 LrlseCn0

93,492 1664196 Ty 155,153 524899 307.401 €1e570 16RGercn |
SLPTHAT TITE LTI Tewl] A2e%lY D3e50d  a0lenDT 6hey N TAhpefrn °
%64206) 35541219 4,710 1614290 544260 305,720 53,ANY 14774000
57+B41  354e 81 TO0e592 3474318 55¢142 3044858 58e 707 15654000
58,14% 3544296 1)e576 148,426 56,973  3n%,027 584577 15474000
274820 324136 1766 Xy o516 NbebLEL e 200 1571.00C
59,3132 3524187 144051 345,949 554613 3064387 74200 16024000

oTe920) 3506917 T4 377 3454623 554185 3044815 TYe 500  1626e0R0
56¢717 3484156 156340 364,660 554157 3044843 57.100 166%5.000
558562 347.985 15637 Thhe 363 53860 06,132 BT 400 1657.000
54820 3454499 164936 143,064 %3330 306.666 56900 17284000
93,1567 Jaz2e TGl 166267 34l 4638 924383 307617 564600 176C40C0
56.003__ 3444078 194324 3404676 50713 309.287 56470 17914009

. 3424310 20e 112 . o0 . SLnr,  182:e000
51787 362.990 2le187 328,813 676625 3124375 57600 18544000
49,877 IGUE%3 23299 336701 466023 I13.077 STe50C 15¢6.000

506909 I0]e506 25978 334.022 444321 315,679 574300 1917.000
110:4¢8 205408¢H 1644951 19504 . oll olOV 95900
157,848 2474060 634832 2964168 126,221 233.779 484800 1968.000
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REVOLUTTON 1360 1/8/66
off AMOLEP THROUGHOUT SINCE SUNPHI DID NOT INDICATE A SWITCHOVER AND ROWN 1S
TNDTTEMOTITH T THE T DM TB4G SFCS TU 9505 SECSe
ST T T RUWP "ROWN ECLEP BANGLP  ANGLEN BANGLN SUNPHT (I
554300 355,409 10ve/l 7 251283 135187 2244813 06200 34G5e 736
Y. E) 3694177 10:62237 2504763 139.057 2204943 £84000 35260736 _
hyglsb  3EH,T33 Llugatd 245,937 1434744 2164256 58400 355%5.880
uhel20 1534652 12]elb? 2384843 150093 2094907 61700 359-&980
TRRSETT 306eYD T Tt 0492 2334003 153,153 2064847 65:200 1626ec3l
4578 3554624 171,720 228,280 158,051 2014949 67900  36%5231
A rL) 3/HeHHG 1266372 2334648 162,540 1974460 65,400 6664620
196359 370,816 127,907 232,093 160,892 109,108 67,700  3715.420
TIEDT T TTTITGGRE 1740424 231376 58,849 201151 68+800 3752.598
144666 234 4NRN 134,648 2250352 160891 199,499 724300 3783.59¢
- 14,904 3476731 132887 2dlell3 156,836 203164 73100 B816.487
154401 36414137 132.702 227.298 153,656 20643464 74400 36474487
. 352 . . . . «000 86Ce315
134542 348.539 123,726 2264261 147,834 2124166 78,600 3511.315
B § P9 TY /o KXY . o050 . 0950 82100 39444047
Y¢293 3:2.&05 13650449 223,051 146,046 213.95%4 82,400 39715.047
- 23,818 ZUeB 3D 131.353 226e642 1304489 229.511 B8.50N 4072ele5
206266 224296 129002 2304998 1294653 2306347 91,007 4l03.129
IT,5ET O PITIRETTTYTRI LN TUND I . 228, 2900 41366129
19,115 23.883 129.898 2306102 131,982 228.018 92300 4167.129 i
. <be %k 29 o IS4 . Leb 4169,
166115 2F ¢ 954 125657 2306343 134,55n 2254650 944700 42304917
T4eh 3 C7e883 T7.eR27  230e373  138.875  d22.3°% F8.300 6283037
164474 26559 1326522 227377 138,600 2214400 95000 42984637
- TG, T84T~ ~10.917 FCE Y ! 2e . . Be [3 lee e
14,95) 34,065 13%e94C 220,060 151,121 2084879 994900 43584210
N Y YYA A A . . . . . . 4 390.TEY ™
15,7290 317,549 146 4,285 213,715 160,897 199103 101800 4421.783
16e:56 LR XX 1444720 213674 160939 1954061 10le10C 46454,144
146522 37.801 145322 2l4.678 162.680 1974320 102900 4485144
D € 7 1Y -y Y o Y . “18e s * YL - Y4
9409 4Ce 660 160.,875 2194125 167,361 192.639 107900 4611822
T Tf*:!ba“""&'b‘,. ; o 718,015 1684410 I91.590 107.200 Gb6&4a.nI1
12605 410026 141.00% 218.995 169.90% 190095 108.600C L675.011
'"-3"9.7‘-‘1 e Coe O [ O . e . o 1(}
347,192 28e344 1073296 252604 1450720 2144280 112,607 5307.108
245,410 7T ° e Do T 36T, . ol o100 533y.s50i
339,208 26440104 102,673 257327 145,414 214,586 111.600 53704501
332,325 P K1 58. 12T . . o) . T 8402.899
313,487 146272 00e?2176 269.724 1514022 208.978 llOoSOC 56433.899
a4 113 & U 43 - Jet . . . e 800  L466e46Y
35,427 78.786 93,008 2660992 108,988 2514012 1106500 %5497.,469
T TIYL6? SEVTILS 91087 TEE . P o 2200~ 5530140
10.0%2 47,R37 8¢ ,983 cbbo017 1214147 238,853 110,060 5561.140
T 7.8719 18,008 Bich/ IzI 257, Y44 4o 6200 ?mom"‘_
6274 . 364809 934465 2664535 118,920 2414080 1077600 56244527
i Tel2 . 0 . (1-F N . . .
0177 31,099 87,490 272.510 112,057 267,943 105.70C¢ 5687.,987
Tt IS5 ,.,887 37,18 R * o * GRS F1, PY Y- 773
355,613 284032 714207 288,793 98,123 261,877 105.60¢ 57514494
3584905 763150 AN eST 44D . o380 T 163%3Cn° 5748339137
359,365 250178 90.RGE 263,154 119.118 260,882 103,300 5814,.913
T T RRD ZCe5 77 116727  <U3.273 13%.358 220.84¢ 10Z. NeU5
YYD ’8.118 1194261 260,739 136,662 2214238 100800 59414951
ET YO 2 T XA R kA T . Se . . Te ] P
‘ )
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6ol 10,212 12240 0F 2364982 144,735 2154265 1014900 5rN5,35])
191e57¢ 129,606 Ahe (M} 275,799 63,601 2964399 706300 601] 4434
317.5%A £9,4682 LR VRN FY-1 Y7 95,216 264,784 125,60 &0E3Th34
9,170 264582 108,867 21,157 labebln 215,590 98,70NN  K10AN,BLA
Telcn e o010 T0 b Hl T8 led316  labDevunb 21Ge0kb G930, ol3leBar
60249 260334 1286628 231,572 165,213 2164687 100000 61634956
AN Z23e76] A e0l% 2ETEXD 145,066 216,931 STebCN (194e9%1
56517 224511 130421¢ 2294787 143,258 2160762 98,400 6?27..??
EYRERi 214989 121,781 72B8e717 1434531 2164469 964000 She2 TR
6738 20.912 13:,122 2284877 161,184 2184816 $7.003 6¢C..704 -
- Redl% Toetl7 120eF07 230193 137.0C6 222994 G5e500 bHlclellh
206493 © 184564 1260595 233,402 1364102 - 2254878 $7.800 64174802
£.C13 17618 25,007 24eYSA 130,076 | 27294576 D8 e60 64484607
5,819 166511 126,007 235,063 128,176  231,R26 954200  (4E1,456
17,787 17727 127750  237.750 1224482 237.518 934900 65124456
170655 17.723 118,73 241,217 118.,R18 241,182 91.0CC .esaa.uxv
(85185 T8¢323 117e0/5 2426925 117e145 <c62.859 92,9090 6976017
18,C06 184117 116e614  26545R6 1164468 2654532 51.80N eoro.azo _
184267 184541 112765 2474755 112,280 2674720 90700 663%e629
18,11¢C 184269 1060162 253,898 1064220 253,780 92,200 66714682
17.817 17873 101683, 258,168 101.860 2584140 9Ce61" £T0LebB2
17898 17.951 1016676 2584530 1014495 2584505 5Ce&0% 67354263
174120 174069 94eull 265,588 94,376 . 265.624 RBeT00 ETE6Ge263
3634335 3634722 91,067 2684921 91,075 2684925 BGeaCl 67584633
163,127 643,166 A0 37C 769,630 70336 26946606 OCeHC N £8264633
3414142 3604984 O8e994 2614606 98,661 2614339 B7.530 6861979
19,826 ~ 14,268 Taeh51  16He4LO 92,960 2674040 87.200 68924975
X 19,120 16,758 0e ,nQ2 2644917 9UeNEY 265,550 87,30° _6935,406
) 20616 12,730 Otelny  cbb.dll e 351 2634613  DBbel00 6536.a0k
. 194533 13,974 924617 2674183 91,828 268,172 87,200 69E0e762
19,6C2 12e4l2 Dl e’ 26%¢5%56 936715 cbbe285 66.1.-4.4 7196782
2694526 2364699 6£.802 353,198 8,795 151,205 8849750 TUS6e255
2906192 <90e94b Ge91Y 153,082 60430 353,570 G030~ T0854255
154632 134192 94,01 265,099 95,019 264,90) BBe850 71154458
T6.308 700633 92e833  ZE1e167 73e4%] 2654549 B7.200 146458
.. 1#e235 114282 834771 2764209 BLoWBB 275512 864600 717%4127
189633 7158 84 BT 2754913 86511 273,489 B4e60C 72100127
164224 84515 B3e673 2764527 85,461 2764539 BbesND 72424829
8,546 5, 106 PR, TEH  N104236 8UGe569 275,451 B4enNN 72724829
17,270 8,789 o611 284,489 78,458 281,542 85,500 73064578
IB.541 7100 TeeRB7  CBTekdn TGe003 Z83e167  Bhet(OL T237.574
184768 5,984 716227 288.773 764476 283,524 84100 73704309
“T8JIST  TuW254 6600 2534500 87556 25Cebbh B6e30n T451e395
244,207 54335 §F4176 301.52« 674229 2924771 8le607 T634,103
D TV -4 S 3 < BN T PR A ry: s TCe YA £ YRR L
254769 20924 41279 312.121 55,187 3044813 824400 74974938
r4- 1% k) 11e73% [ YAEED Sl 7e005 20e93d U7 058 BielIl Todbe'tat
264075 14,282 374753 3224247 4y 238 3154762 84,100 75614781
TUTANGSGZ . I5e98% . f4L.5h% T35.:490 334691 T8, 340 B30 1552, 781"
32,21% 16080 156755 464245 27.787 332,213 BlelCD T7625u4G7
— Y FTRT T ITRE A hTh T G, AT TITLE YRR T
29.803 17.884 166456 45,146 254369 334,63) 63¢330 T6EB.YID
2Ued01 {7806 T3ela% R1-TE P ré-rEs-¥ 336810 Bles00 17176950
32.4C3 184015 124192 347,808 264507 333,493 BledO 17592193
T 33.9%6 “T7e08Y% TTeba% — hBe396 Z28e%19 331.581 TGev0C 178341537
35,572 164260 126224 347,776 304911 3244089 77¢62C 75150476
EA TR LR 106240 {2e¢.0007 B TRAS) EX4 k-] 30N TTe G T75GGeGTL
306979  3L3761 B7¢127 12724672 1114981 268,019 72¢:C7 5534632
r4- 112 %) Jo6ell% S twec L d wuielB] 100960 calle DLy (e .\ Ytlbeble
244839 54,127 96e77N 265,630 115.9u4n 264 NAN T9eFM 9654455
r4rys¥i To&e Y Ya Qe TV I R YA Ll e 74 e "o b Ttet ., £ gte
' )
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- 2le277 3544150 101.1%5h 2584806 120e464 235,536 T7e700 G7::e337

214157 385,274 106a 544 2554056 1224831 237,169 76,100 67544337

- 17,823 303,160 TaL T8 PY:3) 25610 C3%eb T CotNf GTETe 166
12,608 357,489 1146263 265,757 1284337 211.663 81e800 56184166

8oLt 30TeRBT 1o ierfaT T 3celB3  I3l.ubb  <iBe51n Bbe 700 GB65Ce065

0309 351,786 125,830 314170 1354670 2244330 864500 9818665

T 356310  3591s704 l)h.HbR T25el32 138,647  221.553 BB8.20C G914.632

331,950 329,850 WU16 123,084 36,283 3234717 BYe427  354%4632

. 325,TeR T 170,948 jb.s‘” T4, 661 364206 3234796 G0e901  9575e266

321,927 129,524 3 esb0 1294550 364261 3754736 92,830 1709246

317350  327e754 TTTL0 T32.280 324489 327e511  54.90° lntaiseacl

312,M26 * 31244643 23925 1364071 29,966 -330,034 9643532 100724681

T 350,050 Te823 145,780 210,020 137,781 . 222,215 97,6200 1°10%,613

350,073 12,523 1474578 2124422 133,438 2264562 954630 1513640612

T52+985 20665 14Te846 136154 1270423 2324577 102530 10169.117%

e252 23,615 1344154 2294846 1244899 235,101 101.2C5 1526r.113

AL ZTe150 T30e5¢0  ccre61D  122.612  237+38¢ 10 ¢80 1Casce92E

7006 28,992 128,819 231,181 121,71% 238,285 104,000 1r263,928

052! 3ledE4 123,605 .'.'360595 1130591 2414409 1050‘030 1C '/6.777

398,969 14,155 121,080 2384920  117.728 242,272 107790 10307777

T A5 12) T T U4, 739 T20ev51" 2:G.149 Bed47  241e653  108e30D 1r360e833

259,884 144150 115,960 2444060 1174547 262,453  107.200 17291,833

35 Te5A 1 366120 1170072 P4lebcB 1174616 242,386 109.1C0 10624.668
356,824 17,446 110,999 249,001 117,690 2424210 110600 17455568

TTTTISEETS T 37630 T 1094905 2506195 11946682 260318 110700 i-adfebel

358,587 L 366753 169,150 2500820 1204885 219,115 109,907 10519521

3572,41¢ 39,208 107429C 252,110 121,079 * 238,521 112,600 105524547

353,136 38,847 1094C35 2504965 122,918 237,082 112,290 105§3.547

S066 s010 TONB T3 cSlebel 128585 2334415  114.000 106;(3—.650

348,357 420649 105994 2544006 1274282 2324718 115,800 10647.650

T E5T.%34 h1eb4B 111228 2606.T772 132,081 227910 1144200 1GEoue718

351,231 41,595 110,896 2494144 1344106 225,896 114,000 10711.,718

32C.981 43.201 1136502 2464497 137061 2224939 115.400 10764.865
352,738 43,791 115,906 2444996 138,739 221,261 1164100 10775.865

o 44, 113.16C r4leB40 0560 2164440 16,707 10809045

352,414 450076 1256777 2344227 149,439 2104561 117,600 10E45e045
TTTTT AR 6Y 34,21E 126467 PEY 52e10 or. 5e800 10673+140

. 354,210 44,290 126,656 233,544 153,895 2064105 . 115,800 10504,140

T T A%G,02% . LY * 004 Y- 05, 15,700 10537+2713

353,537 44,416 125,422 2344578 156,256 203,766 116,200 10568.273

- 0o —

— . e

]




$10

$TC
SAL

P
L

[ XA

71

0212 MARCOTTE FGHFVA F3

TIMF=02 4PAGFS=15
CONTINUE

$1RJOR DLOGIC
SIBFTC EGHEVA LISTeRFFNFCKISHN

CEGHEVA

C
C
C

nmnn

900

= N

2 ¥a¥aXaXedodataXaXaXa Xa)
~

AN =OoNON

93
91

0
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PROGRAM SHUVE, NEFDS FCTRAL, FIELD

FPOCH CORRECTED FIFLD VSe ALTe

DIMENSION A(1000)¢G(20030)9H{20030)eFMT(12)
loTG(BOoﬂﬂ)OTH(1OO1O)OGCORP(QOOQO)oHCOQRl!Oo‘O’
COMMON HCORP o+ GCORR

KTIME =3¢ GET POSITION

TIME = TIME DIFFERFNCES IN YEARS

KTIME=192 CODFFS ARE FOR MAIN FIFLDe RATE OF CHANGE
LOUNT=S50 ,
P1=23,14159265

PIDEG=5T729,57795E~-2

READ (8995000 )KPROGeNDUMMY oCOMULTIKTH ¢sKTIMESTIME
FORMAT (2140E164802140¢E16,8)

KOUNT =0

R?220+0

GO TO (12012¢2010) oKTIME

NDUMMY IS NO, OF COEFFICIFNTS, .

COMULT IS A MULTUPLIFR FOR COEFFS,

KPROG 1S 1¢ A IS NOT MODIFIED, KPROG =29 AsmASCOMULT, !
KPROG = 3 FOR SCHMIDT A, KPROG = 4 FOR VESTINE TYPE (N*#SCHMEDT)

DO 112 K=1,1000
A{K)=0,0

COMPUTE N14M224¢M1, FOR FRASIC: NTOP IS NOs OF TERMS [N COMPLETE
SET OF HIGHEST DEGREEs NEXTRA IS NOe OF TERMS IN INCOMPLETE SET.

0NO00FL=SQRT (FLGAT (NCUMMY+1)+401)
NPART=QOC0FL+140

READ IN COEFFSe Al100A110811¢A200000000¢

READ (8,100)(FMT(I)ei=1l012)

FORMAT(12A6) . o
READ (8¢FMT) {A(J) e =] 9NDUMMY)

FIND MODIFIED COEFFS,

GO T0(17¢92¢91491) +KPROG
D093 LL=1,NDUMMY ¢
AfLL)=A(LL)®COMULY
GO T0 17
1=0
N=0
AA22,08(SQRT (FLOAT(NDUMMY ) 1+140)+1,0
KK=AA
DO10000 K=3eKKe2
NaN+)
0010000 J=l 4K
]+l
M e (] = Ne#2 #1)/2
{F(M) 1002+¢18,16
FACTOR aFCTRAL (28N)/(2,0%¢N®(FCTRAL(N) )#=2)
GO T0 1s

»
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. 72
16 FACTOR =FCTRAL(2%N)/(2,08%N&FCTRALIN) }*SQRT(2¢N/(FCTRALINM)® FCTR

1AL (N=M)) )
14 GO TO (1007+1010414002+14002) «KPROG

14002 FACTOR =FACTOR # COMULT
GO 70 14001

14002 FACTOR = FACTOR # COMULY /FLOATI(N)
14001 A(I1)=FACTOR #A(l)
I1F{ I=NDUMMY) 1000061741111
10000 CONTINUF
17 IX=0
NO 2000 NX=2,NPARY
NO 2000 MX=14NX
IX=]Xe}
IF{MX=1)20:01:200242003 .
2002 GO TO (50,51 4KTIMF
50 GINXs1)=A(IX) P
GO0 TO 2000 '
51 TGINXe1)=zALIX)
GO T0 2000
2003 GO TO (52¢53)KYIMF
<3 TOINX MX)=A{IX)
IXs]X+1
THINX sMX)=A({ IX)
GO TO 2000
52 GINX sMX)=ALTIX)
IXsIX+1]
HINXoMX)=ALTX) : g
2000 CONTINUE i
GO T0 1
2010 DO 55 JJ=11930
NO 5% KK=1,430
HCORR (JJ KK ) 2aH(JJ JKK)+ TIMERTH( JJ 9KK)
55 GCORR(JJoKK) 2G(JJ oKKI+TIMERTRL JJ9KK)
12010 READ (547000) CIMEAUNCHoTHETAGPHIIHEIGHT
7000 FORMAT (2F104003(2%XF8e4))
HEIGHT=HEIGHT#1,85325
IFICIME=-99999,0160014+4002+2001
4002 COUNT=KOUNT
SSOR=SORT(R2/COUNT)
WRITE (6+5005)SSOR
5005 FORMAT(E16,8)
"GO T0 22
6001 CTALL FIELD(THETAWPHIHEIGHT gNPART 94X 9YeZ oF)
KOUNT=KOUNT+1
HELL=SORT (X#X4+Y®Y)
ANC=PIOEG#ATAN(APS(2/HELLY)
IFIX)800:501¢502 .
500 D=SIGN(PI+Y)=SIGNIATAN(Y/X) Y}
GO 70 503 . .
501 D=SIGNIPI#¢5,Y) :
GO TO 503
$02 D=ATAN(Y/X)
503 D=P IDEG*D
IF{LOUNT=-50) 1012,101141012
1011 WRITE(64+1013)
LOUNT=0
1012 WRITF(&eV1N) THETAGPHI JHETOHT 9 X gYeZoHFLL ¢F 9Ny ANC o AUNCH
PUNCH 111 ¢THETAWPHI ¢HETGHT X ¢Y 02 9F sAUNCH
110 FORMAT (2F0 4 1PE16 4R e~2PEF12,340P2F12434F1244)
111 FORMAT(3F106%¢=2PUF1063+0PF1043)
LOUNT=LOUNT+1

)
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GO 10 17010
1002  CALL NUMP
1003  CALL PUMP
1007 CALL PuMP
1010  CALL PUMP
1111 CALL DUMP
2001 CALL DUMP
1013 FORMAT(132H1 F. LATe N LONGe HMEIGHT KM, NORTH X EAST Y
) NOWN 2 HORIZ  TOTAL INTENSs DECLINATION INCLINATION T A
2FTER LAUNCH) ) -
22 CALL EXIT -
STOP 0
END ‘
SIRFTC IFELD LISToREFIDECK4SDD A,
SURROUTINE FIELN(DLATsDLONG ¢HGT sNMAX o8N ¢AE 4RV oR)
C FARTHS MAGNETIC FIELD USING ANY SET OF COEFFICIENTS
NIMENSTON H{30430)46(30530) 4P (304303 ¢DP (30430) +sCONST (30430 ¢SP (30)
14CP(30) sAGR(20) :
COMMON MG
IF(CP{1)=140)14201
1 Pll1s1)2140
PP(141)20,0
SP(1)2040
CPl1)s1,0 .
DO & Ms1430 !
DO 3Ns1,s2 ]
3 CONST(NosM) 2040
DO 4 N=3,430
FMM
FN=N
“ CONSTINoM) = (FN=240)#(FN=240)=(FM=140)® (FM=1401)/( (FN+FN) =340} /{ (F
INSEN) =% 40)
2 PH1=DLONG/5742957795
ARZ637142/(6371¢24HGT)
C2SIN (DLAT/57¢2957795)
SSORT (1,0-C#C)
SP(2)2SIN (PHI)
CP(2)2COS (PHI)
AOR(1)s  AR®AR
AOR(2)=  AR®AOR(1) 4
DO S Me3oNMAX i
SP(M)=SP(2)%CP (M=1)+CP(2)#SP (M=1) i
‘1
i

CP(M)=CP(2)8CP(M=1)=5SP(2)#8P{M=1)

s AOR(M) = AR®ADR (M-1) 5
Av=0,
AN=0.0 ¢ :
BRPHI=0,0 . "
DO & N=2.NMAX * 0
FN=N i
SUMR=0,0 1
SUMT'0.0
SUMP=0,0 . i
00 7 M=l.N i
IF(N=M18¢9¢8

9 PI(NeN)=S#P(N=1 ¢N=1)
NP (NoN)sSEDP (N=19N=1)+C*¥P (N1 yN=1)
GO Y0 10

8 PINoM)=C¥P (N=) ¢M)=CONST(NsM)*P (Na2 oM}
DP(NoM)=CEDP (N=1 oM ) ~SEP (N=] ¢M)=CONST(NoMISDP(N=2 M)

10 FMsM-)
TSEGI(NM)IRCP (M)SH (N M) 2P (M)
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“ SUMRESUMR+P (NoM) #TS

SUMT=SUMT+DP (NeM) #TS

SUMP S SUIMP4I-MUP (N M) # (=G (NMIREP (M) +H(NM)RCP (M)

RV=RV+AOR (N ) #FN#SUMR
RN=RN=AOR(N)*SUMT
APHI=RPHI-AOR (N) #SUMP
BF==-RPHI/S

RETURN
END

RzSORT (RAN#AN+RVH#AV4BF#RE)

SIBFTC CFTRAL LIST+REFDECK+SND

5
2000
1

SDATA
2

{26XE

FUNCTION FCTRAL(K)
1F(K)12000+102

STOP 2000
FCTRAL=1.0

RPETURN
IF(K=1)200001+3
PROD=FLOAT (K
QO000FL=PRON
Q000FL=QC00FL~1.0
1F(C000FL=~16012001+7+10
STOP 2001
FCTRAL=PROD

RETURN
PROD=PROD*QOO00FL
GO 70 &

END

48 =1,R971026F-06 ?
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13
14
18
16
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19
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24
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22
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35
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30
1Q
40
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47.
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46
&7
4R

mea

=e500E
o T00E
= ?00E
«200€
o 1T0F
«210E
- TOGF
o106GE
=4200E
~e200F
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o 150E
-s110€
¢500F
o T00E
-e8600E
o 10NF

=0+30508775€
~0,21808302E
058407369E
=04219%6077E
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~0034430141E
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0¢17150113E
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~0e11936724E
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=0e13761476E

0¢43600536E
0047754694 E
0095552545E
0422B00695E
=0s11412046€
=0465218185€E
0014499262E
0.17518126€
=0¢15226956E
=0021027692E
0027628720E

© =0039691649E

001929369%E
0012409761E
=0624542910E
=0e59848446E
=0624982365€
=0032559201 €
=0,572473R1E
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0069252067€
0424850067E
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0,92501821F
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Figure 27

LEAST SQUARES APPROXIMATION FOR SUN SENSOR A
OUTPUT VOLTAGE 1

0=-45.113-1.273V+14.399v%-2.167v3
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¥ Figure 28

LEAST SQUARES APPROXIMATION FOR SUN SENSOR A

OUTPUT VOLTAGE 2

Ou-44.852+1.363V+13.063v2-1.984v>
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Figure 29

OUTPUT VOLTAGE 1

LEAST SQUARES APPROXIMATION FOR SUN SENSOR B

0=-45.956+4.636V+11.970v%-1.901¢>
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Figure 30

LEAST SQUARE& APPROXIMATIUN FOR SUN SENSOR B
OUTPUT VOLTAGE 2

0e-45.291+3.724V+12.014v2-1.873v°
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Figure 31 81

LEAST SQUARES.APPROXIHATIM FOR SUN SENSOR C
OUTPUT VOLTAGE 1

Gu-45.87742.570V+12.816v2-1.994v> ‘
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Figure 32

82
LEAST SQUARES APPROXIMATION FOR SUN SENSOR C
OUTPUT VOLTAGE ?
) N e
0=-46.95844.022V+12.134V"-1.9072
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Figure 33

LEAST SQUARES APPROXIMATION FOR SUN SENSOR D

OUTPUT VOLTAGE 1

0=-45.795+3.296V+12.528v2-1.,970V°
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- Figure 34 84

LEAST SQUARES APPROXIMATION FOR SUN SENSOR D
QUTPUT VOLTAGE 2

0=-45.594+3.668V+12,100v>-1.885V°
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Figure 35
LEAST SQUARES APPROXIMATION FOR SUN SENSOR E
OUTPUT VOLTAGE 1

o=-48.057+14.867V+S, 154V2-.851V3
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Figure 36

LEAST SQUARES APPROXIMATION FOR SUN SENSOR E '
OUTPUT VOLTAGE 2

@ med6.387-7.424V-9.191V2+1. 400V
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Figure 37
LEAST SQUARES APPROXIMATION FOR SUN SENSOR F
OUTPUT VOLTAGE 1

0--45.60102.523V+12.483\!2-1.919V3
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L Figure 38 88

LEAST SQUARES APPROXIMATION FOR SUN SENSOR F
OUTPUT VOLTAGE 2

0x-46.021+3.228V+12.277v2-1.895V>
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APPENDIX F
In this section we will prove th§ equivalence of ;elations (66) and (69).
It has been shown that ' !
A, cosp - A, sinp = cosy, ' | 0

1f we now make the substitution by letting

A
2
tany = =
¥ A _ : M

then A
siny =

1% A2 _ L

COSY * ———m ,.

Substituting (73) into (72) yields f

!

ST

A+ AZ“'(COSw cosp - sinw sinp) = cosy,

5. cos(p + y) = cosy,

cosy, '

Sing,

cos(p + y) =
. s

COSVS
=> p = ¢t arcos (';Tigwﬁ-r | I ;
b s i '
! !
Let ' 0%y " ! |
)

v = ¢ arcos
¢ (3 nB's

t/sinzss - coszys . -;/sinzss - cos®

s

/

(72) '

(73)

!

-—Z.k EFaa

e RS



! ! J ! .
. , :
t
' r !
i . ”ega
\ | |
2 ! | 101
l[ ]
1 ! ! 1 ! i
! H 0 ]
It follows that ! . y . ’
. I !
, o ' ! cosy,
! ' / 2 Py !
v, ' ;o SRIlv) = sing ] d
k s’ ;
; 4 !
, ) g t/sinzss - c'oszys !
_ siny = —— =
! . ! sinBs . ., !
| g H = _—-‘_T
' ® /.'.inzs_',‘ - cos”y, ' .
- sin(-v) = , !
sinés . ' , P .
. ‘ po! ) ! : I L ' ]
1 ’ )
Let us restrict ourselves to' . !
| S 0, . cosy; : | o
-v = arcos ( )
;7 ¢ sInB ! , |

!
(It can be shown that if we take the posigive sign for v, the analysis will

reéult, in an erroneous expression for (66)). i
! f | f * ] 1
! : i

Therefore from (74), / ]
A cosy (e,e.S) '
! ) ; EREP= lizs -’Azigr !
) ! sin®g sin®g !
k. s ’ s .
Multiplying and dividing by coso, ) ) o
L , ' , A co;y cos® + C(e,e §)
, cosp = 1 : ; $°r . )
! ' sin®8_" coso
| S 5
! [
However ' : , . o

I

' ] -
5 A cosy, gosO = cosys['sines sine,cosss]

. ’ .
, 80 the expression in (76) is ir,: agreement .with (66). . : ' )
; -




[ 102
In a similar manner we find
= pJ
: Al /sm Bs - cos e - "2 oSy,
sing = -5 :
sin 8y sin 8,
or a
- A, (e, e S) - A, cusy
sinp = 1 Yéor - 2 s (77)
° ’ sin Bs . =

The problem now is to show that sinp in (77) divided by cosp in (75) will yield
the same expression as (69). .

S) A, cos
oosing o Aol Ys
pasw * cosp A cosy, Az(e r§5
Multiplying and dividing by the conjuga-te of the radical .in the denominator we get

tanp =[3 A /sinzes-coszys -Azcosys) [Alcosyst A, /sinza cosEys]

[Alcosys = Az/sln 85 -€0s ls] [Alcosv" s Az Y sin Bs cos ys]

e W vl 2
tap = -AlAzcoszys 3 Azzcosys /sln a;:cos Ye ;Alzcosys /sin Bg-COS ys-AlAz(slnzes-cos 2 )]
2 2 2 2
cos Ys(Al + A; ) - Az sin 85
tanp = + cosy v/slnzs - cos5 (A 2,4 2) - AA, sin®
3 s Ys _% 23 1°2 8y
2
sin Bs(cos ) Az )
""""""!"
tand = -AAzocosv /sine - cos’y,
) ) .
cos Y' - Az
or
tao = AJA, ¢ cosy /slnzs - cos!y
2 F]
Az - cos 9

which is in agrecment with (69).

»




